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Organic photodetectors (OPDs) are potentially useful in many applications 
because of their light weight, flexibility and good form factors. Despite the high 
detectivities that have been frequently reported for OPDs recently, the application of 
these OPDs for weak light detection has been rarely demonstrated. 
In this thesis, low noise, high gain photodetectors based on organic and ZnO 
nanoparticles were proposed and demonstrated for highly sensitive UV light detection. 
The nanocomposite photodetector works in a hybrid mode of photodiode and 
photoconductor with the transition controlled by the UV light illumination. The 
nanocomposite detector shows two orders of magnitude higher sensitivity than silicon 
detectors in the UV range, which is the first time an organic, solution-processed 
detector has been shown to significantly outperform the inorganic photonic devices.
 In the fullerene-based photodetector, the dark-current has been successfully 
reduced by a cross-linked TPD (C-TPD) buffer layer. The high detectivity of 3.6 × 
10
11
 cm Hz
1
2 W−1 (Jones) at 370 nm and the wide Linear dynamic range (LDR) of 
90 dB, along with a response speed faster than 20 kHz, suggests that the 
fullerene-based organic photodetectors proposed here can open the way for many 
potential applications. 
 The ZnO nanoparticles have been introduced into the C-TPD buffer layer of the 
fullerene-based photodetector to increase the photoconductive gain and reduce the 
noise current. The peak external quantum efficiency (EQE) value of approximately 
400% and the peak specific detectivity of 6.5 × 10
12 
Jones at the wavelength of 390 
nm, along with the record high LDR of 120 dB, enable the photodetector to be used in 
wide range of applications such as imaging, communication, and defense. The 
extremely high sensitivity of the photodetector also makes it particularly attractive for 
very weak light detection. 
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CHAPTER 1 INTRODUCTION 
1.1 Background and Motivation 
Ultraviolet (UV) detection is critical for a wide range of applications both in 
civilian and military areas, including medical instruments, missile flame detection, 
environmental and biological research, astronomical studies, optical communication, 
radiation detection and so on [1-6].  
“UV-enhanced” silicon and GaN photodiodes are the most common devices for 
UV photodetection [7,8]. GaN detectors have superior performance with 
“visible-blindness” capability. They are sensitive to UV radiation but not to visible 
radiation. These single-crystalline detectors exhibit some inherent limitations. They 
are expensive and have low quantum efficiency (<40%, responsivity of <0.2 A/W). In 
addition, for very weak light sensing, silicon photodiodes need to be cooled to reduce 
the dark-current [9].   
For ultra-weak light detection, preamplifiers are always needed to read the weak 
current signal [10], however, the amplifiers can bring new source of noise and also 
make the system more expensive.  For these reasons, the photodetctors without an 
internal gain are not suitable for the detection of very low level light down to single 
photon level.  Photodetectors with high internal gain, such as photomultiplier tubes 
(PMTs) [11] and avalanche photodiode (APDs) [12], are widely used for weak signal 
detection. More than one electron can be extracted out of these photodetectors for 
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each incident photon which contributes to the gain. However, these high gain 
photodetectors, such as APDs, generally need very high driving voltage of hundreds 
volts [13], which limits their applications greatly. It would be advantageous to have a 
low-cost UV photodetector with high quantum efficiency, high sensitivity, and quick 
response and does not require cooling to obtain high detectivity. 
A critical method to make the low-cost photodetector has been made using 
colloidal inorganic semiconductor. PbS quantum dots were used by solution process 
to fabricate photodetectors onto gold interdigitated electrodes [14]. These 
photodetectors showed photoconductive gain with high responsivity greater than 
1,000 A/W in the infrared range, yielding detectivity surpassing inorganic detectors 
due to the large gain and the reduced noise. However, in such kind of colloidal 
photodetectors, both the electrodes and the quantum dot semiconductor of the 
photoconductive detectors are all in one plane, with electrode spacing > 5 mm to 
reduce dark-current. As a result, in order to maintain the high gain, the detectors need 
a very high driving voltage of 100 V which cannot be provided by any commercially 
available thin film transistors [15]. 
The detection of weak light by organic semiconductor devices has recently 
attracted great attention due to their advantages of low cost, physical flexibility, large 
area coverage and easy integration with silicon readout circuit [16-18]. The wide 
range of bandgap tunability of organic semiconductor materials, synthesized by 
chemical process, provide tremendous flexibility in the choice of materials for various 
detection applications with different responding spectra [19,20]. However, the 
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performances of these organic materials based UV photodetectors are still not 
comparable to the inorganic photodetectors.   
In summary, it is still a big challenge to detect ultra-weak UV light with organic 
photdetectors. A new type of photodetector is in urgent need to obtain high sensitivity 
organic UV photodetectors. 
In this thesis, a novel ZnO/polymer nanocomposite UV detector based on 
interfacial trap-controlled charge injection [21], and fullerene UV detectors with wide 
dynamic range were proposed [22,23]. These detectors have high sensitivity and low 
noise current, which make them perfect candidates for the weak UV light detection.  
1.2 Tasks of Current Research 
The tasks in this thesis include: 
1. Develop a hybrid UV photodetector by nanocoposite materials with ZnO 
nanoparticles and polymers, reduce the dark-current, increase the response 
speed and detectivity; combine the low dark-current of the photodiode and 
high gain of the photoconductor; 
2. Study the fullerene UV photodetecors and increase the detectivity by reducing 
the dark-current with a crosslinkable buffer layer; 
3. Using a ZnO nanocomposite buffer layer in the fullerene-based UV 
photodetctor to get both a high gain and low dark-current for the weak light 
detection. 
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1.3 Thesis Outline 
In this thesis, highly sensitive, low noise UV photodetectors based on organic and 
ZnO nanoparticles were proposed and fabricated. Their performances were 
characterized and the working principles were also discussed.   
This thesis is organized into 6 chapters. 
Chapter 1: INTRODUCTION.  This chapter covers the backgrounds and 
motivations of the photodetectors and an outline of this thesis. 
Chapter 2:  BACKGROUND AND REVIEWS. This chapter describes backgrounds 
reviews of current research progress. 
Chapter 3:  ZnO/POLYMER NANOCOMPOSITE UV PHOTODETECTOER. This 
chapter presents highly sensitive nanocomposite UV photodetector based on 
interfacial trap-controlled charge injection. 
Chapter 4: FULLEREN PHOTODETECTORS WITH WIDE LINEAR DYNAMIC 
RANGE. This chapter reports a fullerene photodetector with wide linear dynamic 
range enabled by C-TPD buffer layer. 
Chapter 5: LARGE GAIN, LOW NOISE NANOCOMPOSITE ULTRAVIOLET 
PHOTODETECTORS. This chapter reports a photodetector made with 
nanocmposite/fullerene with large gain and low noise. 
Chapter 6: SUMMARY AND FUTURE WORK. This chapter summarizes this thesis 
and also provides some suggestions for future works. 
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CHAPTER 2 BACKGROUND AND REVIEWS 
 In this chapter, the backgrounds of photodetectors are described. The UV photodetectors 
based on ZnO nanostructures and organic materials are briefly reviewed. Current challenges 
are also discussed in the end.   
2.1 Introduction of Photodetector 
A photodetector is a device that converts an optical signal into another kind of 
signal, such as electrical signal in the form of current or voltage [1]. In this thesis, we 
are only focused on the semiconductor photodetetors. The working mechanism of 
them is based on the photoelectric effect, i.e. they absorb the photon energy and then 
generate electron-hole pairs.  
According to their different working mechanisms or device structures, 
Photodetectors can be divided into several groups, such as photoconductors, junction 
photodiodes, phototransistors, and charge-coupled devices (CCDs), etc.    
 The typical photodetector performance parameters were summarized as below; 
more details were discussed in the following chapters of 3, 4 and 5.  
 Spectral Response: For any given photodetectrors, they can only respond to a 
specific wavelength range. When designing a photodetetor, the first consideration is 
choosing the proper material that can respond to the photo signal.  In this thesis, we 
only focused on ultraviolet photodetectors. 
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  External Quantum Efficiency（EQE）: EQE can be defined as the ratio of the 
number of photogenerated charge carriers, in the form of either photoelectrons or 
electron–hole pairs, to the number of incident photons. EQE has the same numerical 
value as gain. For example, we can say the gain is 10 when EQE is 1000%. However, 
the term of gain is generally used when EQE is larger than 100%; If EQE < 100%, we 
say there is no gain.  
 Responsivity(R): Responsivity is defined as the ratio of the output current or 
voltage signal to the power of the input optical signal. It is an important parameter and 
can tell us the available output signal of a detector for a given input signal. 
 Noise Equivalent Power (NEP): The noise equivalent power is defined as the 
input power required of the input signal for the signal-to-noise ratio (SNR) to be unity 
at the detector output. It is the minimum power needed to distinguish a signal from the 
noise. A photodetector with smaller NEP can detect weaker light than the 
photodetector with larger NEP. 
 Detectivity: The detectivity characterizes the ability of a photodetector to detect a 
small photo signal. It equals to the inverse of the NEP of the detector. 
 Linearity and Dynamic Range (LDR): Linearity of a photodetector means that 
its output signal is linearly proportional to its input optical signal. We need a large 
LDR to detect both the weak and strong light. 
 Response Speed: A photodetector should be fast enough to follow the input 
optical signal. The response speed is characterized by the rise time and the fall time of 
its response to an impulse signal or to a square-pulse signal, as shown in Fig.2.1 [1].   
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Figure 2. 1 Rise time (tr) and fall time (tf) of a photodetector with a square-pulse 
signal. 
 For the ultraviolet photodetection, numerous kinds of materials and device 
structures were utilized in the past decades. Here, we summarized some recent 
progress on the ultraviolet detection based on ZnO nanostructure materials and 
organic materials. 
2.2 ZnO-Nanostructure-Based Ultraviolent Photodetectors 
2.2.1 Photoconductors 
Photoconductor, also called photoresistor or light-dependent resistor, is based on 
the phenomenon of photoconductivity. It becomes more conductive due to the 
absorption of electromagnetic radiation, such as ultraviolet light and visible light. 
They have large resistance in the dark and high conductance under suitable 
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illumination with photon energy higher than the bandgap of the semiconductors. The 
typical photoconductor usually has a semiconductor layer sandwiched by two ohmic 
contacts. This kind of photodetectors can have high photoconductive gain and high 
responsivity, so they don’t need any external amplifying equipment, such as the 
photomultiplier tube. However, they have relatively large dark-current, small linear 
dynamic range, and slow response speed. Many efforts have been taken to solve these 
issues, such as using nanoparticles [2,3] or, surface treatment [4,5].  
One dimensional ZnO Nanowires (NW) or nanobelts have attracted more 
attention due to the large surface-to-volume ratio [6]. The photocarrier lifetime and 
charge trap density can be enlarged significantly by this large surface to volume ratio. 
This kind of photodetector usually has high quantum efficiency and high sensitivity. 
Fig.2.2 shows a high gain ZnO nanorod UV photodetector reported by Soci. C et al. 
[7]. Upon illumination with photon energy above the bandgap, electron hole pairs are 
generated and holes are trapped at the surface. The electrons are collected at the anode 
under an applied electric field. The high photoconductive gain of 10
8
 is attributed to 
the presence of oxygen-related hole-trap states at the NW surface, which prevents 
charge-carrier recombination and prolongs the photocarrier lifetime. 
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Figure 2. 2 Photoconduction in NW photodetectors. (a) Schematic of a NW 
photoconductor； the top drawing in (b) shows the schematic of the energy band 
diagrams of a NW in the dark, The bottom drawing shows oxygen molecules 
adsorbed at the NW surface that capture the free electron present in the n-type 
semiconductor forming a low-conductivity depletion layer near the surface. (c) Under 
UV illumination, photogenerated holes migrate to the surface and are trapped, leaving 
behind unpaired electrons in the NW that contribute to the photocurrent [7]. 
However, photodetectors based on ZnO NWs mostly show a slow response speed 
because of the inherent defects, such as oxygen vaccines. Hu, L.F. et al. reported a 
biaxial nanobelts composed of ZnO and ZnS recently [8]. The detector was 
constructed by standard lithography procedures, the diameters of the ZnO/ZnS 
nanobelts varying from several tens of nm to 100 nm and up to tens of micrometers in 
length; a pair of 10 nm/100 nm Cr/Au electrodes with 3 μm apart is deposited on the 
ZnS/ZnO nanobelt dispersed at a SiO2 /Si substrate (Fig.2.3). Ohmic contact was 
formed at the interface between ZnO/ZnS nanobelts and Cr/Au electrodes. This 
biaxial nanobelts photodetector has a high responsivity of 5.0 × 10
5
 A/W and high 
EQE of 2.0 × 10
8
 % irradiated by 320 nm light with a bias of 5.0 V. These high 
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performances are attributed to the formation of a type-II heterostructure with a 
staggered alignment at the heterojunction. There is a spatial separation of the 
photogenerated carriers due to the internal field at the ZnS/ZnO interface. This spatial 
separation can decrease the hole-electron pairs recombination, thus the photocurrent 
and EQE can be improved significantly.  However, the detectivity and linearity are 
not mentioned in this report. 
 
 
Figure 2. 3 SEM image and energy band diagram of the ZnS/ZnO nanobelt 
Photodetector. 
Surface plasmons effect in nanostructured metals have also been found useful for 
improving the performance of photodetectors [9]. For example, by coating ZnO 
nanowire with Au nanoparticles (Fig.2.4), the dark-current decreased by 2 orders due 
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to the Au nanoparticles which can further deplete the carriers near the surface of ZnO 
nanowires and increase the width of depletion layer. Au nanoparticle-induced light 
scattering can increase the light absorption efficiency, so the ratio of photo current to 
dark-current increased from 10
3
 to 5 × 10
6
. Furthermore, the fall-time of the detector 
has been reduced from 300 s to 10 s by Au nanoparticles [3]. 
 
Figure 2. 4 Schematic of ZnO nanowire photodetectors without (a) and with (b) Au 
nanoparticles. (c) SEM image of the device. (d) I-V characteristics of ZnO nanowire 
photodetectors both in dark and under 350 nm UV light illumination. The inset of (d) 
is the equivalent circuit for the devices. 
As discussed above, for the fabrication of one dimensional ZnO photodetectors 
sophisticated techniques such as photolithography, electron beam lithography, focused 
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ion beam or bridging nanostructures by lateral growth from one electrode to the other 
are needed [10]. These processes are complicated and uneconomic.  
More recently, Hao,Y.H. et al. developed a new and cost-effective method to 
make UV photodetectors based on spatial network of tetrapod ZnO nanostructures 
[11]. The tetrapod ZnO nanostructures were first synthesized by thermal evaporation 
method. Au film was deposited on glass plate assisted by a metal mask, and a gap was 
scratched out with a width of 20 μm on the Au film to form a pair of electrodes by a 
special probe. The ZnO nanostructures were dispersed into the ethanol solution, and 
the solution was transferred to the area between the electrodes and allowed to dry in 
air. At last, spatial network of tetra-pod ZnO nanostructures was connected with two 
Au electrodes. Through this method, they got a sensitive detector with photocurrent to 
dark-current ratio of 4.5 × 10
5
; the decay time is 0.3 s.   
Li, Y.B. et al. reported another simple method that could fabricate electrodes and 
ZnO nanowires bridging the electrodes simultaneously in a single-step chemical vapor 
deposition (CVD) process. The device showed drastic changes (10–105 times) in 
current under a wide range of UV irradiances (10
−8–10−2 Wcm−2) [12].    
2.2.2 Photodiodes 
Photodiode photodetectors have at least one blocking contact, and are the most 
commonly used detectors in industry. They have many different types, such as 
Schottky photodiodes, p-n junction photodiodes, Metal-Semiconductor-Metal (MSM) 
photodiodes, etc. Compared with photoconductor; photodiode detectors have low 
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dark-current, fast response and wide linear dynamic range [5]. However, the gain 
usually cannot be higher than 1 because one photon can generate only one 
electron-hole pair and there is no charge injection under reverse bias.    
 
2.2.2.1 Schottky photodiodes 
Das. et al., compared single nanowire UV detectors with Schottky contact and 
Ohmic contact respectively [13]. For the device with Schottky contact, the 
photoexcited electron-hole pairs can greatly increase the concentration of majority 
carriers. It was concluded that the barrier height is strongly modulated by the UV 
exposure in the Schottky diode. The photocurrent to dark-current ratio is 75 for the 
Schottky diode, which is superior to a detector with ohmic contacts only.   
In order to further improve sensitivity and response speed, the ZnO bascule 
nanobridges (NB) photodetectors with double Schottky contacts were reported [14]. 
The bascule NB structure consists of two cross-bridged ZnO NWs creating a junction; 
a double Schottky barrier is formed due to the surface depletion. The height of the 
double Schotty barrier can be modulated by UV illumination. It has a high barrier 
height in the dark and results in low dark-current. A photocurrent to dark-current ratio 
of 10
4
 and a recovery time of 3 s was obtained by this structure.   
Solution-processed optoelectronic devices have some advantages over 
conventional crystalline semiconductor devices due to ease of fabrication, large area, 
physical flexibility, and low cost [15,16]. Jin, Y.Z. et al. developed a 
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solution-processed UV photodetector based on colloidal ZnO nanoparticles [17]. 
Colloidal ZnO nanoparticles were first spin coated on glass substrates, followed by 
annealing in air and evaporation of Au contacts through a shadow mask (Fig.2.5). 
ZnO nanoparticles and Au forms a Schottky contact, which enabled a high resistance 
of 1 TΩ in the dark. The responsivity of the device has been determined to be 
approximately 61 A/W. The photocurrent is associated with a light-induced desorption 
of oxygen from the ZnO nanoparticle surfaces, thus removing electron traps and 
increasing the free carrier density which in turn reduces the Schottky barrier for 
electron injection. These solution-processed devices are promising for large-area UV 
photodetector applications; however, a high driving voltage of above 100 V is needed 
to get a high responsivity, which limits their applications significantly. 
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Figure 2. 5 Top (a) Schematic of a ZnO nanoparticle film device structure; Bottom 
(a,b) Schottky barriers formed at the gold/ZnO nanoparticle interfaces in the dark and 
under UV illumination, respectively. (c,d) Charge carrier trapping and transport in the 
ZnO nanoparticle films in the dark and under UV illumination, respectively. 
2.2.2.2 p-n junction photodiodes 
Chen, C.H. et al. reported a p–n heterojunction photodetector fabricated by ZnO 
NWs/p-GaN [18]. The synthesis of ZnO nanowires was initiated on p-GaN substrate 
by thermal chemical vapor deposition. The electron-hole pairs are generated in the 
array of ZnO nanowires when illuminated with UV light and are separated by the 
internal electric field. The device has a reverse leakage current of 3.7768 × 10-6 A in 
the dark. The photo current was almost 15 times higher than the dark-current.  
Bie,Y.Q. et al. reported a self-powered UV detector based on ZnO/GaN 
Nanoscale p-n Junctions [19]. The heterojunction is based on a single n-type ZnO 
nanowire and a p-type GaN film. The detector was driven by the photovoltaic effect of 
the ZnO/GaN p-n junction. The ZnO/GaN junction showed significant rectification 
characteristics in the dark. The device could function as a self-powered UV detector 
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with an on-off ratio larger than 10
6
 and it has a fast response speed with a decay time 
of 219 μ s.  
In the last page of this chapter, some recent results based on ZnO nanostructures 
were summarized in table 2.1. 
2.3 Organic Ultraviolet Photodetectors 
Ultraviolet photodetectors are conventionally made with wide-bandgap inorganic 
semiconductors, such as III-nitrides and SiC [20-23]. However, their fabrication 
process is still complicated and expensive and therefore is not suitable for large-area 
applications. On the contrary, organic semiconductor devices, such as organic light 
emitting diodes [24], organic solar cells [25], organic transistors [26], and organic 
photodetectors [27], have developed rapidly in past years. Organic devices have the 
advantages of low fabrication cost, large-area scalability, and variety in substrates, 
making them attractive for large area or portable electronics. Although many organic 
materials have large band gaps and strong absorption in the UV range, and therefore 
have high potential for UV detection, organic ultraviolet photodetectors still have 
limited performances, compared to the inorganic ultraviolet photodetectors. 
Debdutta, Ray. et al. reported a high efficiency visible-blind ultraviolet organic 
photodetector with a peak response of 30 mA/W [28]. The active layer is a blend of 
TPD and Alq3 by coevaporating on prepatterned ITO glass substrates in vacuum. The 
authors show that the spontaneous and the electric field induced carrier generation 
efficiencies in the blend are enhanced over its constituents. The spontaneous carrier 
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generation efficiency is 30% in the blend. The photoluminescence of the blend shows 
an efficient energy transfer from the TPD to Alq3. The responsivity of 30 mA/W 
compares favorably with the response of GaN (150 mA/W) and SiC(120 mA/W) 
based UV detector [29,30]. 
Zhanlin, Xu. et al. demonstrated a high response visible-blind organic ultraviolet 
photodetector using 4,4 ,4-tris[3-methyl-pheny(phenyl)amino]triphenylamine 
(m-MTDATA) and a Cu(I) complex, 
[Cu(1,2-bis(diphenylphosphino)benzene)(bathocuproine)]BF4 (CuBB) as the electron 
donor and acceptor, respectively(Fig.2.6). The photodetector shows a photocurrent up 
to 173A/cm
2
 at −10 V, corresponding to a response of 251 mA/W under an 
illumination of 365 nm light. The high response is attributed to the high electron 
transport ability of CuBB, the suppression of radiative decay of m-MTDATA and 
efficient charge transfer from m-MTDATA to CuBB [31]. 
 
Figure 2. 6 Chemical structure of CuBB and schematic energy level diagram of 
UV-Photodetectors based on CuBB and BCP. 
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2.4 Challenges 
As stated above, photodiode detectors can have a fast response speed and usually 
have a wide linear dynamic range and low noise, however, their gain cannot be higher 
than 1. Unlike photodiodes, photoconductors can have a high gain more than 1 and 
thus have higher detectivity than photodiodes. Many efforts have been put to improve 
the photoconductive gain, such as using solution-cast thin films of colloidal inorganic 
semiconductor nanoparticles or colloidal quantum dots as photoconductors. These 
kinds of photodetectors usally have lateral structures to increase shunt resistance and 
reduce dark-current, which lead to high driving voltage and low response speed. A 
combination of these two kinds of photodetectors is a promising direction for the 
further improvement of device performance. However, it is still a big challenge to 
make such a hybrid photodetector. 
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Table 2.1 ZnO nanostructure-based UV photodetectors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Type Voltage 
(V) 
Wavelength 
(nm) 
Gain Responsivity 
(A/W) 
Photo/dark 
current 
raratio 
Rise  
time 
Decay 
time 
Ref. 
Conductor 5 390 10
8
 -- 10
5
 -- 20 ns [7] 
Conductor 5 320 -- 5 × 10
5
 7 <0.3 s 1.7 s [8] 
Conductor 5 340 608 166 7 × 10
3
 -- 2.54 s [10] 
Conductor 1 365 -- -- 4.5 × 10
5
 0.4 s 0.3 s [11] 
Conductor 5 350 -- -- 10
5
 0.7 s 1.4 s [12] 
Diodes < 5 352 -- -- 75 <1 s <1 s [13] 
Diodes 1 365 -- -- 10
4
 -- <0.12 s [14] 
Diodes 120 370 -- 61 -- 0.1 s 1.3 s [17] 
Diodes 5 365 -- -- 15 -- -- [18] 
Diodes -- 325 -- 10
6
 -- 20 μs 219 μs [19] 
Conductor 5 365 -- -- 2.5 × 10
5
 < 1 s < 1 s [32] 
Conductor 5 325 -- -- 18 43.7 s -- [33] 
Conductor 5 365 -- 6.2 90 5.9 s 638 s [34] 
Diodes 1 365 -- -- 1500 0.6 s 6 s [5] 
Hybrids 9 360 3406 1001 10
7
 < 25 μs 142 μs [35] 
 
2
3
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CHAPTER 3 ZnO/POLYMER NANOCOMPOSITE UV PHOTODETECTOR 
3.1 Introduction 
As described in chapter 2, the photodiode has low dark-current and fast response 
speed, but there is no gain. On the other hand, the photoconductor has large gain, but 
the dark-current is high too. In order to combine these two kinds of photodetectors to 
get both high gain and low dark-current, there must be a control layer in the 
photodetector to get the transition between photodiode and photoconductor. This 
control layer is described in Fig.3.1. This control layer must be sensitive to the 
incident light and can be used as the photo-switch. In the dark, the control layer is 
switched off and there is no charge injection; under illumination, it is switched on and 
the charge can be freely injected.  
 
Figure 3. 1 Proposed control layer in a photodetector. 
In this chapter, we are reporting on a new type of highly sensitive UV 
photodetector with a vertical device structure. The active layer materials are 
Photon switch
OFF ON
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nanocomposites composed of zinc oxide nanoparticles blended with semiconducting 
polymers [1], this layer also acts as the control layer.  
ZnO nanostructure material is a potential alternative to GaN or SiC as an UV 
absorber due to its wide bandgap of ~3.4 electronvolt (eV), variable strategies and its 
low cost of material synthesis [2-10]. The nanocomposite UV photodetectors were 
fabricated by low-cost spin coating that is compatible with the complementary metal–
oxide–semiconductor (CMOS) readout circuit [11]. As a result of interfacial 
trap-controlled charge injection, the photodetector transitions from a photodiode with 
a rectifying Schottky contact in the dark, to a photoconductor with an ohmic contact 
under illumination, and therefore combine the low dark current of a photodiode and 
the high responsivity of a photoconductor.  
In the colloidal quantum dots (CQD) photoconductor reported elsewhere 
[5,12,13], the CQDs have two functions:  trapping one type of charge and 
conducting the other types of charges. In the nanocomposite photoconductor here, the 
two functions are separated into two materials; and there is more flexibility to 
select/tune the material properties to meet different application requirements, such as 
response spectrum, response speed and detectivity. It should be noted that ZnO 
nanomaterials based UV-Photodetectors have been intensively explored in the past 
decade with most of the effort focusing on single nanowire(NW) for quick response 
due to the large carrier mobility in NWs [3,4,6-10,14,15]. However, these devices 
have not shown comparable performance or advantage to inorganic 
UV-Photodetectors for the following reasons: The detectors have been made of single 
31 
    
 
 
 
NW and then not scalable to large area with current synthesis techniques; ZnO NWs 
are connected to two electrodes directly leading to high dark-current. Based on the 
device structure and working principle reported here, our UV-Photodetectors are 
low-cost to made, easy to scale up to large area, and have very low dark-current, and 
then have great potential to replace the inorganic UV-Photodetectors. 
3.2 Experimental Methods 
3.2.1 Materials 
The materials used in these nanocomposite UV photodetectors are summarized 
here. 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and polyvinylcarbazole 
(PVK) were purchased from SIGMA-ALDRICH; poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS) (PH4083) was purchased from H.C.STARCK; 
poly-3(hexylthiophene)(P3HT) was purchased from Rieke Metals. All materials were 
used as received without any purification. 
4,4’-Bis[(p-trichlorosilylpropylphenyl)phenylamino]-biphenyl (TPD-Si2) was 
synthesized following the route from literature [16,17]. To conclude, there are 3 steps 
in synthesizing TPD-Si2. 
Step 1: Synthesis of 4,4‘-Bis[(p-bromophenyl)phenylamino)]biphenyl. To a 
toluene solution (50 mL) of tris(dibenzyldeneacetone)dipalladium (0.55 g, 0.60 mmol) 
and bis(diphenylphosphino)ferrocene (0.50 g, 0.90 mmol) was added 
1,4-dibromobenzene (18.9 g, 0.0800 mol) at 25 °C. After stirring under N2 
atmosphere for 10 min, sodium tert-butoxide (4.8 g, 0.050 mol) and 
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N,N‘-diphenylbenzidine (6.8 g, 0.020 mol) were added. The reaction mixture was 
then stirred at 90 °C for 12 h, followed by cooling to 25 °C. The reaction mixture was 
then poured into water, and the organic and aqueous layers were separated. The 
aqueous layer was extracted with toluene (3 × 100 mL), and the resulting extracts 
were combined with the original organic layer. The solvent was removed in vacuum 
giving a crude product which was purified by chromatography on a silica gel column 
(6:1 hexane:ethylene chloride eluent) to yield pure  
4,4‘-Bis[(p-bromophenyl)phenylamino)]biphenyl. 
Step 2: Synthesis of 4,4‘-Bis[(p-allylphenyl)phenylamino]biphenyl. Using 
standard Schlenk techniques, 1.6 mL (3.5 mmol) of n-butyllithium(2.5 M in hexanes) 
was added dropwise under inert atmosphere to an ether solution (10 mL) of 
4,4‘-Bis[(p-bromophenyl)phenylamino)]biphenyl (1.02 g, 1.58 mmol) while 
maintaining the temperature at 25 °C. The mixture was stirred for 2 h, after that CuI 
(0.76 g, 4.0 mmol) was added. Upon cooling the reaction mixture to 0 °C, allyl 
bromide (0.60 g, 5.0 mmol) was added in one portion, and the mixture was stirred for 
14 h, followed by quenching with saturated aqueous NH4Cl solution (100 mL) and 
extraction with ether (3 × 100 mL). The combined ether extracts were washed with 
water (2 × 100 mL) and brine (2 × 100 mL), and dried over anhydrous Na2SO4. 
Filtration and removal of solvent in vacuum afforded a yellow oil, which was further 
purified by chromatography on a silica gel column (4:1 hexane:methylene chloride) to 
yield 0.63 g of pure 4,4‘-Bis[(p-allylphenyl)phenylamino]biphenyl as a colorless 
solid. 
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Step 3: Synthesis of 4,4‘-Bis[(p-trichlorosilylpropylphenyl)phenylamino]biphenyl 
(TPD-Si2). Under inert atmosphere at 25 °C, a grain of H2PtCl6·nH2O, followed by 
HSiCl3 (0.73 g, 5.5 mmol), was added to a CH2Cl2 solution (30 mL) of 
4,4‘-Bis[(p-allylphenyl)phenylamino]biphenyl (0.32 g, 0.55 mol), and the reaction 
mixture was stirred at 30 °C for 4 h. Removal of the solvent in vacuum yielded a 
dark-yellow oil, which was triturated with a mixture of 50 mL of pentane and 10 mL 
of toluene to yield a solid that was removed by filtration. The filtrate was 
concentrated in vacuum to yield TPD-Si2. 
Fig. 3.2 shows the chemical structures of the materials used in these devices. 
 
Figure 3. 2 Chemical structures of the materials used in the ZnO/Polymer 
nanocomposite UV photodetector. 
3.2.2 Synthesis of ZnO Nanoparticles 
ZnO nanoparticles were prepared by hydrolysis method in methanol by the 
following procedure [18,19]. In brief, 2.95 g (23mmol) ZnAc2.2H2O was dissolved in 
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125 ml MeOH at 60℃ and followed by adding KOH solution (1.57 g KOH in 65 ml 
MeOH ) within 5 minutes. After approximately 1.5 hour, the reaction solution turned 
from transparent to turbid, and the reaction mixture was stirred for one more hour. 
The small size nanoparticles were collected by centrifuge and were washed by 
methanol for three times, and then dispersed in chlorobenzene to form transparent 
solution. The average size of the ZnO nanoparticles made by this method is 
approximately 5~6 nm [20].  
3.2.3 Device Structure and Fabrication 
The designed device has a structure as shown in Fig.3.3. It has a vertical structure 
sandwiched between a transparent indium tin oxide (ITO) anode and an aluminum (Al) 
cathode. The active layer is a polymer layer blended with ZnO nanoparticles. Two 
types of hole-conducting semiconducting polymers were used for different response 
spectra:  P3HT with a bandgap of 1.9 eV for UV-visible and PVK with a bandgap of 
3.5 eV for UV detecting. This structure is essentially the same as that of the 
polymer/nanoparticle hybrid solar cells [21-23]. The difference is that the 
nanoparticles work as charge traps in our photodetectors in contrast to acting as a 
charge conductor in the hybrid solar cells. PVK is chosen because of its reasonably 
high carrier mobility and very high bandgap.  In order to minimize the dark-current, 
a thin layer of blends of TPD-Si2 and PVK with a thickness of 70 nm was inserted 
between PEDOT:PSS and the nanocomposite layer as the 
electron-blocking/hole-conducting layer. This blend of material combines the 
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hole-injection and hole-transport capabilities of TPD-Si2 [17] with the 
electron-blocking capability of PVK and has been shown to reduce the dark-current 
by two to three orders of magnitude in our devices. On top of the active layer is the 
hole blocking/electron transporting layer of BCP with a thickness of 10 nm to further 
reduce the dark-curent. 
 
Figure 3. 3 Device Structure of the ZnO/polymer nanocomposite UV photetector. 
For the device fabrication, PEDOT: PSS was first spin-coated onto a cleaned ITO 
glass substrate at a spin speed of 3,000 r.p.m., which gives a PEDOT: PSS film 
thickness of approximately 30 nm. The PEDOT:PSS was then baked at 120℃ for 30 
minutes before spin-casting the polymer film. PVK was first dissolved in 
1,2-dichlorobenzene (DCB) to make 20 mg/ml solution, followed by blending with 
TPD-Si2 with a ratio of 1:1 by weight. TPD-Si2 was a cross-linkable, 
hole-transporting organosiloxane material. The hole-transporting layer was obtained 
by spin-coating the blend at 4000 r.p.m. for 20 s, and the thickness of the blend film is 
approximately 70 nm. The film was then annealed at 100℃ for 1 hour in air to 
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crosslink TPD-Si2 so that the photoactive layer coating that follows won’t wash away 
this layer. The photoactive layers were made of blends of ZnO Nanoparticles with 
PVK or P3HT at the ratio of 3:1 by weight. The solutions were spin-coated at 1000 
r.p.m. for 20 s, then solvent annealed for eight hours by placing the devices in the 
vapor of the solvent, which significantly slows down the drying of the polymers 
[24,25]. P3HT can form crystalline phase by the solvent-annealing which increases 
the hole mobility of the photoactive layer. The thicknesses of the active layers were 
approximately 500 nm. A BCP layer of approximately 10 nm was deposited by 
thermal evaporation onto the photoactive layer. To finish the device fabrication, a 
100nm thick aluminum was thermally evaporated on the photoactive layer as the 
cathode. The active device area is 0.05 cm
2
 which is defined by the shadow masks.  
3.2.4 Device and Film Characterization 
In this section, the device and film characterization are discussed, including the 
measurement of EQE, transient response, noise current, dynamic range, SEM, and 
EFM. 
The external quantum efficiency was measured with the Newport QE 
measurement kit by focusing monochromatic beam of light onto the devices. The 
incident light was chopped at 35 Hz, and the optical power density is controlled to be 
less than 0.1mW/cm
2
. A Si diode which has calibrated response from 280 nm to 1100 
nm was used to calibrate the light intensity for photocurrent measurement. 
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For the transient response measurement, an optical chopper was used to get the 
light pulse of 800 Hz; a small resistor of 100 Ω was connected in series with the 
photodetector and a high speed and high sensitivity oscilloscope (Lecroy Wave 
Runner 104 Mxi-A, 1 GHz, 10 GS/s) was used to record the voltage across the resistor. 
The resistance of the device is above 45 kΩ under illumination. The small series 
resistance used won’t perturb the circuit because it is much smaller than the resistance 
of the device. The absorption spectra of the photoactive layers of PVK:ZnO and 
P3HT:ZnO were measured with PerkinElmer Lambda 900 spectrometer. The film 
thickness of each layer was measured with an AMBIOS XP-2 stylus profilometer. All 
the measurements were carried out at room temperature in the ambient condition.  
The noise current was directly measured with a Stanford Research SR830 
Lock-In Amplifier using the method described by Konstantatos, G. et al. [11,12].  
The devices were biased using alkaline batteries, and testing was carried out in an 
electrically shielded and optically sealed probe station, and on a floating table to 
minimize the vibrational noise. Through the choice of integration time, 1 s for our 
measurement, lock-in amplifier reported a noise current normalized to the 
measurement bandwidth in A/Hz
1/2
.  
The dynamic range was obtained by measuring the photocurrent under different 
light intensities. For light intensity below 1 μ W/cm2, the monochromatic 
illumination was provided by a 350 nm LED with a PROTEK B8020FD function 
generator to supply a modulated bias to the LED. For higher light intensity up to 0.1 
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W/cm
2
, the light was provided by Xe lamp with neutral density filters. The UV part of 
the light from Xe lamp is calculated by the integration of UV light intensity from Xe 
lamp spectrum.  The photocurrents at different light intensities were recorded with a 
Lock-In Amplifier SR830 at a fixed frequency of 35 Hz. In both cases, the irradiance 
was calibrated with a Si diode at highest light intensity of each light source and 
Newport neutral density filters were used to modulate the light intensity from 0.1 
W/cm
2
 to 1 pW/cm
2
. 
The specific detectivities were calculated with the measured noise using the 
methods reported in reference [12]. The NEP was calculated by dividing the noise 
current by the responsivity under the same measurement frequency and bias. The 
specific detectivity D* was obtained as a function of wavelength, applied bias, and 
center frequency by dividing the square root of the optically active area of the device 
by the NEP. 
The cross-section morphology of the P3HT:ZnO nanocomposite film was also 
measured by scanning electron microscopy (SEM). SEM was performed on a FEI 
Quanta 200 FEG SEM at high vacuum mode. The sample was prepared by cutting the 
P3HT:ZnO nanocomposite film on ITO glass substrate.  In order to obtain a sharp 
cross-section, the ITO glass was firstly scratched by a glass cutter, and then the ITO 
glass, together with the nanocomposte film, was soaked in liquid nitrogen. The liquid 
nitrogen was used to provide a low temperature to the ITO glass. Therefore, the 
39 
    
 
 
 
scratched ITO glass and the nanocomposite film can be easily cut with sharp 
cross-section.     
The electrostatic force microscopy (EFM) was used to characterize the 
topography and electron trap distribution in the nanocomposite films. EFM maps 
electric properties on a sample surface by measuring the electrostatic force between 
the surface and a biased AFM cantilever. EFM applies a voltage (+1 V in our 
measurement) between the tip and the sample, while the cantilever hovers above the 
surface without touching it. The cantilever deflects when it scans over static charges. 
The force arises from Coulomb interactions of the stored charge in ZnO nanoparticles, 
its image charges in the tip, and the induced charges due to the voltage EFM applied 
during imaging. 
The absorption spectra of the photoactive layers of PVK:ZnO and P3HT:ZnO 
were measured with PerkinElmer Lambda 900 spectrometer. The film thickness was 
measured with AMBIOS XP-2 stylus profilometer. All the measurements were carried 
out at room temperature in the ambient condition. 
3.3 Results and Discussion 
 In this part, we will discuss the working process of the photodetector, the 
performances of the photodetector, including the EQE, responsivity, specific 
detectivity, linear dynamic range, and response speed, etc. The photoconductive gain 
was also discussed. 
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3.3.1 Working Process of the Photodetector 
The total working process of the photodetector can be summarized into 3 steps 
and is explained in Fig.3.3. Firstly, both the nanoparticles (NP) and polymers absorb 
incident photons and generate Frenkel excitons; Secondly, the Frenkel excitons 
diffuse to the polymer/nanoparticle interface and the electron transfer from the 
nanoparticles and semiconducting polymer, as shown in the energy diagram Fig.3.4 
(a); Thirdly, holes transport in semiconducting polymer under the applied reverse 
bias/electric field, and electrons are still trapped in nanoparticles due to the lack of a 
percolation network for electrons and the strong quantum confinement effect in 
nanoparticles.  
        
(a)                                  (b) 
       
(c)                               (d) 
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Figure 3.4 Working principle of the ZnO/polymer nanocomposite photodetector. (a). 
Energy diagram of the nanoparticle with the surrounding polymer. CB, conduction 
band; VB, valence band; LUMO, lowest unoccupied molecular orbital; HOMO, 
highest occupied molecular orbital. (b). Illustration of electron–hole pair generation 
(1), splitting (2), hole transport and electron trapping process. (c). Energy diagram of 
the device in the dark and under illumination (d). The device is reverse biased. 
In the absence of illumination, the dark-current is small because of the very large 
charge injection barrier (>0.6 V) under reverse bias which is illustrated in Fig.3.3 (c); 
under illumination, the trapped electrons quickly shift the lowest unoccupied 
molecular orbital (LUMO) of the polymer downwards and align the Fermi energy of 
the Nanoparticles with that of the cathode. 
The thickness of the hole-injection barrier on the cathode side becomes so small 
that the holes can easily tunnel through it at a small reverse bias, as shown in Fig.3.3 
(d). Thus, the nanocomposite/Al interface acts as a photoelectronic “valve” for hole 
injection. Incident photons can switch on this “valve.” The average energy barrier 
change, ΔΦ, is a linear function of trapped electron density (nt), while the injection 
current follows an exponential relationship with the energy barrier change according 
to the Richardson-Dushman equation [26]: 
           𝐽 ∝ exp (−
∆Φ
𝑘𝑇
) ∝ exp (
𝑛𝑡
𝑘𝑇
)                         (3.1) 
where k is the Boltzmann constant and T is the temperature. The gain of a 
photodetector is the ratio of the measured photocurrent (carriers) versus the number of 
incident photons. If the injected hole number exceeds the absorbed photon number, 
there is gain due to the exponential dependence of injected holes on incident photons. 
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Since the polymer/cathode contact can supply sufficient hole current via injection 
(Ohmic contact) under radiation, holes are then efficiently injected into and circulate 
in the nanocomposite layer until they recombine with electrons. As long as the hole 
recombination lifetime is longer than the hole transit time through the nanocomposite 
layer, there is gain from the photoconductor phenomenon. 
The electron traps are predominately close to cathode side because of the 
formation of vertical phase separation with ZnO nanoparticles segregated to cathode 
side, which was observed in P3HT:ZnO nanocomposite film with similar thickness 
and spin-coating process elsewhere [21].  Fig.3.5 shows the cross-section SEM of 
the nanocomposite film. A vertical composition profile is clearly observed: ZnO 
nanoparticles (bright color) prefer to stay close to the top surface while P3HT (dark 
color) is distributed close to the ITO substrate side.  
 
Figure 3. 5 Cross-section SEM of the P3HT:ZnO nanoparticles nanocomposite film 
on ITO glass substrate. 
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3.3.2 Verification of Electron Trapping in Active Layer 
In order to verify the electron trapping in the nanocomposite layer, hole-only and 
electron-only devices have been made.  The electron-only devices and hole-only 
devices have structures of ITO/Cs2CO3/P3HT:ZnO/Cs2CO3/Al and 
ITO/PEDOT:PSS/P3HT:ZnO/MoO3/Al, respectively. The 1-3 nm thick Cs2CO3 layers 
formed by spin-coating or thermal evaporation result in a low work function surface 
so that only electrons can be injected [27]. Similarly, high-work-function interlayers 
such as PEDOT:PSS and MoO3 guarantee hole injection only [28,29].  
The current density in hole-only device is 3-4 orders of magnitude higher than 
electron-only device. This indicates that electrons can hardly move in the active layer 
due to the trapping of them by ZnO nanoparticles. On the other hand, holes can freely 
move with a relatively high mobility and thus enables the high photoconductive gain 
in our devices. Fig. 3.6 is J-V curve fitting for the electron-only and hole-only devices 
with the space charge limited current, respectively. The derived mobilities are 1.9 x 
10
-3
 cm
2
/V·s for holes and 2.0 x 10
-6
 cm
2
/V·s for electrons in P3HT:ZnO film. 
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Figure 3. 6 J-V curve fitting of electron-only and hole-only devices of (a) P3HT:ZnO 
photodetector and (b)PVK:ZnO photodetector. 
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The electron trapping in active layer is also verified by the EFM measurement 
(Fig.3.7). The topography image shows a peak-valley difference of 20 nm which 
should be the size of ZnO NP aggregations. The nanocomposite surface was found to 
be covered by a high density of ZnO nanoparticles with a high coverage. The 
electrostatic force image agrees with the topography image very well. Larger 
electrostatic force between the ZnO nanoparticles and the tip (+1 V) was clearly 
observed which confirms the electron traps by the ZnO nanoparticles.  
 
Figure 3. 7 EFM topography (a) and the electostatic force image (b) of the 
nanocomposite film. Scan size: 2 μm x 2 μm. 
3.3.3 Performances of the Photodetector 
To characterize the wavelength-dependent gain of the photodetectors, the 
dependence of the external quantum efficiencies (EQE) on wavelength were measured 
by the incident-photon-to-current efficiency (IPCE) system at
 
different reverse bias; 
and the results are shown in Fig. 3.8 (a) and (b). The EQE curves agree with the 
absorption curves of the nanocomposites as well (Fig.3.9). The IQE (λ), which 
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characterizes the number of charges extracted out of the device per absorbed photon at 
each wavelength, can be calculated by IQE (λ) = EQE(λ)/abs. IQE measurement has 
been broadly used to characterize the charge extraction efficiency of photovoltaic 
cells, and IQE is generally less than 100% in photovoltaic cells. In our devices, IQE 
exceeds 100% at a bias of -3 V for ZnO:PVK devices and -1 V for ZnO:P3HT devices, 
respectively. 
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Figure 3. 8 External quantum efficiencies of (a). the P3HT:ZnO photodetector under 
reverse bias with a voltage step of 1 V and (b). the PVK:ZnO photodetector. 
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Figure 3. 9 The absorption spectra of the P3HT:ZnO and PVK:ZnO nanocomposite 
films. 
There are four possible mechanisms where IQE can exceed 100% (or carrier 
multiplication):  (1) multiple exciton generation (MEG) induced by quantum 
confinement [30] or single exciton fission [31], (2) impact ionization, (3) internal gain 
of the photoconductor and (4) multiple electron injection and collection per incident 
photon. The MEG effect does not apply to our devices because of the large bandgap 
ZnO nanoparticles and the absence of a triplet level in the middle of the polymers’ 
bandgap. The impact ionization is not possible either due to the small applied bias, 
below 10 V. Therefore, the carrier multiplication must originate from the 
interface-controlled charge injection and photoconductive gain. And the high injection 
rate is prerequisite for the photoconductive gain. 
EQEs increase quickly with increasing negative bias. The peak external quantum 
efficiency
 
is 245,300% and 340,600% under bias of -9 V (the highest voltage output 
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of our lock-in amplifier) at 360 nm for the PVK:ZnO and P3HT:ZnO devices, 
respectively. The corresponding responsivity (R in A/W), i.e., the ratio of photocurrent 
to incident-light intensity, can be calculated from EQE with  
R=EQE*e/hν                               (3.2) 
where hν is the energy of the incident photon in the electron-volt (eV). The peak 
responsivities, at illumination light intensity of 1.25 µW/cm2,   are 721 A/W for the 
PVK:ZnO device and 1001 A/W for the P3HT:ZnO device at 360 nm, which are more 
than three orders of magnitude larger than that of commercial GaN or SiC detectors 
(<0.2 A/W).  These are the highest reported responsivities among all types of 
solid-state UV detectors [5,13,32]. A larger responsivity in the P3HT:ZnO device 
should be ascribed to the higher hole mobility of P3HT than that of PVK.  
 The gain of a photodetector is the ratio of the measured photocurrent carriers 
versus the number of the incident photons.  There won’t be any gain if it has 
Schottky contact, because the extracted charge number cannot exceed the absorbed 
photon number unless there are other processes such as avalanching, or quantum 
confinement-induced carrier multiplication. For our photodetector, the photocurrent 
shows a transition from injection limited to transported limited with the increased bias. 
Under a fixed incident light, the gain increases with applied bias. At low applied bias, 
for example, -1 V, the current flowing through the device is limited by carrier 
injection from the cathode. The gain is thus limited by the charge injection process 
which is determined by the electron trapping controlled hole injection. When the 
applied bias increases, the injection current quickly increase due to the narrowed hole 
48 
    
 
 
 
injection barrier.  When cathode can supply enough holes at high reverse bias, the 
photocurrent flowing through the device is thus limited by the mobility of the holes of 
the low conductivity polymers. The device turns into a photoconductor at high bias, 
for example, at -9 V, with an ohmic contact formed.  One can compare the 
magnitude of the forward and reverse biased photocurrent of the device to determine 
whether the device current is injection limited or transport limited. Under forward 
bias, the photocurrent through the device is transport limited because there is no or 
minimal charge injection barrier.  It is clear that these devices turn into a 
photoconductor under illumination at high bias of -9 V, with an ohmic contact formed 
at cathode side.  
The figure of merit for a photodetector is the specific detectivity which 
characterizes the capability of a photodetector to detect the weakest light signal [33]. 
In addition to the responsivity, the other factor that limits the specific detectivity of a 
detector is the noise current.  The dark-current of these devices is as low as 6.8 nA at 
-9 V because of the blocking contact both at the anode and the cathode side in dark 
condition, as shown in Fig. 3.10, which gives a very low shot noise.  
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Figure 3. 10 Photocurrent and dark-current density of the PVK:ZnO photodetector. 
As can be seen from Fig.3.10, there is a rapid increasing of the steady-state 
photocurrent at -9 V, which is consistent with the rapid increasing the measured 
external quantum efficiency values in both PVK:ZnO and P3HT:ZnO devices when 
the bias is above -8 V, as shown in Fig. 3.8. The current-voltage curve and the EQE 
curves are repeatable. The rapid increasing of photocurrent is not caused by device 
breakdown, because the dark-current density remains as low as approximately 135 
nA/cm
2
 after applying the -9 V bias. Actually, it takes about two minutes to finish one 
EQE measurement with the IPCE system. If the devices broke down at -9 V, the 
measured EQE curves wouldn’t show any wavelength dependence. The EQE curves 
measured from 0 V to -9 V overlap with those measured from -9 V to 0 V. The EQE 
curves measured at -9 V overlap over 10 testing cycles, as shown in Fig.3.11. 
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Figure 3. 11. Measured EQE of the PVK:ZnO photodetector at reverse bias of -9 V 
repeated for 10 times. 
The shape increase of the photocurrent at -9 V may be caused by a transition of 
the hole current from shallow trap space charge limited current (ST-SCLC) to trap 
free space charge limited current (TF-SCLC) due to the filling of the traps by the 
large amount of injected holes at high applied bias. In both the ST-SCLC and 
TF-SCLC regions, the device current is in proportion to the square of the applied bias. 
While the ST-SCLC current is generally several orders of magnitude lower than the 
TF-SCLC current, there is a transition region from ST-SCLC to TF-SCLC where 
current increases superexponentially due to a rapid increase of free carrier 
concentrations at a higher voltage region [34,35]. In these device, the hole current 
before the abrupt increase region (0 V~-7 V) can be fitted by the ST-SCLC model 
very well. The sharp increase of current approximately -9 V is thus likely a behavior 
of the transition from ST-SCLC to TF-SCLC.  Similar abrupt current increase has 
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been broadly reported in many other organic semiconductors, such as copper 
phthalocyanine (CuPc) film [36].  
Noise current is an important parameter in determining the detectivity. To 
account for other possible noise, such as flicker noise and thermal noise, the total 
noise current of the photodetector was directly measured with a SR830 lock-in 
amplifier at different dark-current density and frequency [11,12]. As shown in 
Fig.3.12 (a) and (b), the measured total noise current was found to be dominated by 
the shot noise within the frequency range of 1 Hz to 5 kHz.   
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Figure 3. 12 Noise current of the P3HT:ZnO and PVK:ZnO photodetectors under 
different dark-currents. The insets show the frequency dependent noise current of the 
photodetector at -9 V. 
The specific detectivities (D*) of a photodetector are given by [33,37]:  
𝐷∗ =
(𝐴𝐵)1/2
𝑁𝐸𝑃
 (cm Hz
1
2 W−1 or Jones)     (3.3) 
                                                              𝑁𝐸𝑃 =
𝑖𝑛
2̅̅̅
1/2
𝑅
   (𝑊)              (3.4) 
where A is the device area, B is the bandwidth, NEP is the noise equivalent power, 
𝑖𝑛2̅
1/2
 is the measured noise current, and R is the responsivity. The detectivities of our 
nanocomposite photodetector were calculated at different wavelengths with the 
measured noise current, responsivity at -9 V bias, and the results were plotted in Fig. 
3.13. At illumination light intensity of 1.25 µW/cm2, the specific detectivities at 360 
nm are 3.4 × 10
15 
Jones for PVK:ZnO devices and 2.5 × 10
14 
Jones for P3HT:ZnO 
devices. The specific detectivities in the UV range are 2-3 orders of magnitude larger 
than silicon and GaN UV detectors. The specific detectivity of a P3HT:ZnO device 
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within the visible light range is also more than ten times better than that of silicon 
detectors.    
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Figure 3. 13 Specific detectivities of the ZnO/polymer nanocomposite 
photodetector,Silicon and GaN photodetector at different wavelength. 
These extremely high detectivities should be ascribed to the combination of the 
very high conductive gain and the low dark-current.  
The other important parameter of photodetectors is the response speed. The 
temporal response of the nanocomposite detector was characterized by a 
chopper-generated short light pulse. Fig. 3.14 shows the transient photocurrent of the 
P3HT:ZnO device measured under a bias of -9 V at light intensity of 1 µW/cm2. The 
transient response result shows a rise time (output signal to change from 10-90% of 
the peak output value) of 25 μs which was limited by the rising edge of the light pulse 
from the optical chopper. The decay of the photocurrent after switching off the UV 
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pulse has a fast component of 142 μs and a slow component of 558 μs, which 
indicates the existence of two channels for the recombination of holes. The response 
speed is the highest among all nanoparticles or colloidal quantum dot based 
photodetector [5,11-13,38]. The 3-dB bandwidth is 9.4 kHz. The devices provide over 
10
5
 fold improvement in gain-bandwidth product in solution-processed ZnO UV 
photodetection relative to previous reports [5]. The multiple-exponential decay time 
can be caused by the electron traps with different trap depths due to the non-uniform 
nature of ZnO nanoparticles or aggregates in the present hybrid devices. Deeper traps 
have longer charge release time and thus result in slower device response speed. It 
should be mentioned, that the photodetector response speed is related to the trap 
occupancy which depends on the light intensity. At the lower light intensity, the 
photocurrent decay is expected to be dominated by the slower process of 558 μs 
because deeper traps are easier to be filled. The response speed of the hybrid devices 
at light intensity lower than 1 µW/cm
2
 has not been measured because a lower light 
intensity could not give enough photocurrent signals in the present measurement 
system. 
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Figure 3. 14 Transient photo response waveform of a P3HT:ZnO detector with -9 V 
bias. 
The photoconductive gain can be regarded as the ratio between electron 
recombination time, or device switch-off time, and the transit time that holes sweep 
through the nanocomposite film to the ITO. The calculated gain from the measured 
hole mobility and hole recombination time is 3,798 which is close to but slightly 
lower than the gain measured by the IPCE system. It can be understood that both 
mechanisms, interface controlled photomultiplication and photoconductor, contribute 
to the high gain. The difference between these two mechanisms is that the lifetime of 
the holes needs to be significantly larger than their transit time in a photoconductor, 
but the lifetime of the holes only needs to be slightly larger or equal to the transit time 
for an interface controlled photomultiplication device. The slightly high measured 
gain indicates that the interface-controlled charge photomultiplication also contributes 
which partially explains the high gain than other reported pure photoconductors. 
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A photodetector should have a large linear dynamic range to measure both strong 
and weak light. The linear dynamic range of the nanocomposite photodetector was 
also characterized by measuring the photocurrent at a fixed frequency of 35 Hz at 
varied light intensity from 10
-1
 W/cm
2
 down to 10
-12
 W/cm
2
. As shown in Fig. 3.15, 
the PVK:ZnO photodetector shows a linear response within the incident light intensity 
range from 10
-1
 to 10
-9
 W/cm
2
, corresponding to an linear dynamic range of 80 dB. It 
is among the highest reported linear dynamic range for both inorganic and organic 
photodetector. The responsivity keeps almost constant in this light intensity range 
despite a slight (~10%) drop at high light level (inset of Fig. 3.15). This slight 
sublinear response at high light intensity is possibly caused by electron trapping 
saturation and/or limitation of hole mobility in the nanocomposite layers. The device 
begins to loss its linearity when the incident light intensity is below 10
-9
 W/cm
2
. The 
responsivity drops to 52 A/W and the specific detectivity drops to 2.45 × 10
14
 Jones 
accordingly at a light intensity of 1.25 × 10
-12
 W/cm
2
. The sub-linearity and declined 
detectivity at low light level is a disadvantage because high gain at low light intensity 
is desired for weak light detection, however, it can be improved by tuning the 
morphology of the nanocomposite layer. In principle, we expect a constant 
responsivity down to the lowest detectable incident light level (NEP) if the automatic 
transition from the Schottky junction to ohmic contact occurs at such a low incident 
light level. This is possible because the incident photons can cause a band bending in 
the local environment surrounding the light-absorbing ZnO nanoparticles which 
induces strong local hole injection. However, the degree of local band bending varies 
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with the morphology of the nanocomposite layer. If there is aggregation of ZnO 
nanoparticles, which is very likely to occur in our material system, the local average 
trapped electron density will be reduced and the induced charge injection will be 
weakened. In addition, there are still many ZnO nanoparticles located in the middle of 
nanocomposite layers or at the anode side despite the higher ZnO nanoparticles 
concentration at the cathode side due to the TPD-Si2 interface-induced vertical phase 
separation.  Light absorption by these ZnO nanoparticles far away from the cathode 
won’t induce as much Schottky junction-narrowing effect as those close to the 
cathode side. This morphology is not ideal and might increase the lowest detectable 
light intensity of the nanocomposite photodetector. The influence of the morphology 
on the lowest detectable light intensity needs further investigation, and it is expected 
to see a lower limit of detectable light intensity and a better linear response by 
pushing more ZnO nanoparticles closer to the cathode side.   
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Figure 3. 15 Dynamic range of the PVK:ZnO photodetector; The inset shows 
responsivities under different illumination intensities. 
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 The lifetime of a photodetector is also an important parameter [39-41]. Many 
applications require long term operation stability. However, they are all suffered from some 
degree of environmental and operational degradation, especially for the organic 
photodetectors [42,43]. The degradation can be due to the chemical or structural 
decomposition under high temperatures, strong radiation, humidity or oxygen. The 
degradation of our photodetectors in this dissertation has not been thoroughly studied yet and 
may need a further study in the future. Generally, device encapsulation is an effective way to 
improve the lifetime of the device [44]. More importantly, our photodetectors are designed for 
the ultra-weak light detection; therefore, they are expected to have longer lifetime than the 
detectors used for strong light detection.          
3.3.4 Hole Mobility and Photoconductive Gain 
For the case of trap-free or a discrete set of shallow traps space-charge limited 
current, the dependence of current and voltage obeys Child’s law [45]: 
3
2
0
8
9
d
V
J r 
                           (3.5) 
where εr is the relative dielectric constant, ε0 is the permittivity of vacuum, μ is the 
effective charge carrier mobility, d is the organic layer thickness and V is the applied 
voltage. 
Using εr = 3 for PVK and P3HT [46,47], d = 500 nm, V = 9 V, thus the hole 
mobility in the PVK:ZnO and P3HT:ZnO blend films can be determined using 
equation 3.5. The simulated hole mobility is 9.8 × 10
-4
 cm
2
/V·s and 1.9 × 10
-3
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cm
2
/V·s for PVK:ZnO and P3HT:ZnO, respectively. The magnitude of these 
mobilities agrees well with many other reported [48-51]. 
Assuming the detector works in the pure photoconductor region, the 
photoconductor gain (G) can be calculated by the ratio of the recombination lifetime 
( lifetime ) and transit time ( transit ) of the holes:  
/
/
/
lifetime transit
transit p
G
d E
E V d
 
 


                            (3.6)                                                         
Where d is the inter electrode spacing, V is the applied bias, μp is the hole mobility 
and E  is the electric filed. Using the hole recombination lifetime of 558 μs from the 
transit photo response measurement, V = 9 V, d = 500 nm, μp =1.9 × 10
-3
 cm
2
/V·s, the 
calculated photoconductor gain of P3HT:ZnO device is 3,798. It is very close to the 
measured gain by IPCE system.  
3.4 Conclusions 
To conclude, we reported a new type of hybrid photodetector based on ZnO 
nanoparticles/polymer nanocomposite materials, which is a diode in the dark and a 
photoconductor under illumination. Through the interfacial-trap controlled charge 
injection, they show tens to hundreds of times better detectivity than inorganic 
semiconductor photodetectors. These thin-film photodetectors have great potential for 
the existing applications in very weak UV and visible light detection and can 
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potentially open new application opportunities because of their flexibility, light 
weight and low cost. 
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CHAPTER 4 FULLERENE PHOTODETECTORS WITH WIDE LINEAR 
DYNAMIC RANGE 
4.1 Introduction 
Fullerene is one of the most widely studied materials for photovoltaic devices. 
The fullerene-based photodetector can works in both photoconductive mode and 
photovoltaic mode. In the photoconductive mode, the two electrode contacts are both 
Ohmic, and thus has a possibility with a gain higher than 1. If one kind of charge 
carriers were trapped by the active layer, another kind of carriers can be freely 
injected and transported throughout the device. In case of the transient time is shorter 
than the carrier lifetime, the photoconductive gain can exceed 1. Previous study 
showed that a fullerene photodetetor can has high EQE up to 5,000% [1]. However, 
this photodetector was suffered from the high dark-current. In this device, the noise 
current was found to be dominated by dark-current. Therefore, in order to detect weak 
light, the dark-current must be reduced.  
The response characteristics, such as linearity, to very weak light are of ultimate 
importance when detectivity of photodetectors reaches the parity with traditional 
photodetectors [2-4]. Recent studies on organic photodetectors have focused on 
improving detectivity, but little attention was paid to the linearity of the organic 
photodetector’s responsivity, especially in a low light intensity region [5-11]. The 
reported detectivities were mostly calculated according to the organic photodetector’s 
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reponsivity at relatively strong light levels—orders of magnitude larger than the 
calculated noise equivalent power (NEP) [12]. It has not been shown yet whether the 
organic photodetectors can still maintain the high responsivity at low incident light 
intensity close to the NEP. However, there is concern that the organic photodetector 
would lose its high responsivity at such a low light level, beause there is generally a 
much higher density of charge traps in organic rather than inorganic semiconductor 
materials due to the amorphous or polycrystalline organic semiconductors used 
[13-15]. When the charge density generated by the incident light is comparable to the 
charge trap density, the photogenerated charges might be trapped rather than 
contribute to the device photocurrent.   
In this chapter, we report on a highly sensitive, fullerene-based organic 
photodetector device which shows linear response from the indoor light intensity all 
the way down to 12 pW/m
2
. This type of organic photodetector presents a linear 
dynamic range up to 90 dB [16]. 
4.2 Experimental Methods 
4.2.1 Materials 
C60 was purchased from Nano-C; BCP was purchased from SIGMA-ALDRICH; 
PEDOT:PSS was purchased from H.C.STARCK; All materials were used as received 
without any purification. TPD-Si2 was synthesized following the route from literature 
[17,18], as described in chapter 3.  
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4.2.2 Device Design and Fabrication 
Our aim is to fabricate a photodetector with very small noise current so that the 
small photocurrent generated with weak light can be distinguishable from the noise 
current. The light-absorbing material used in this study is fullerene (C60) which is one 
of the most broadly studied materials for devices, including organic solar cells and 
organic field effect transistors, because of its excellent optoelectronic properties, such 
as a large light extinction coefficient, of 2.4 × 10
3
 M
-1
 cm
-1
 at 480 nm[19], and high 
electron mobility, of up to 6-11 cm
2 
V
–1 
s
–1 
[20-22]. In our organic photodetector 
devices here, the thickness of C60 is approximately 80 nm which allows more than 60% 
of the light above its optical bandgap to be absorbed. In previous study, it was found 
that C60 is a good photoconductor material with much longer hole trapping time than 
electron transit time. A photoconductive gain above 5,000% under reverse bias below 
-5 V has been observed in the device with a structure of indium tin oxide 
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (35 
nm)/ C60 (80 nm)/ 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (20 
nm)/aluminum Al (100 nm) [23]. The high gain can be explained by the 
trapped-hole-enhanced electron-injection process:  the photogenerated holes tend to 
be trapped at the interface of PEDOT:PSS and C60 layers, because C60 is a poor hole 
transport material. The high density trapped holes induce the band-bending in C60 at 
the interface of PEDOT:PSS and C60 layers.  They also reduce the electron injection 
barrier dramatically, which eventually leads to strong secondary electron injection 
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from PEDOT:PSS to C60. One trapped hole can induce the injection of more than one 
electron which generates the gain and such mechanism was also observed in another 
type of nanocomposite photodetector in previous study [23,24]. Despite of the high 
gain, these organic photodetector devices are not suitable for weak light detection 
because they suffer from high dark-current up to 2 mA/cm
2
 at -6 V.  Although there 
is a large electron injection barrier of 0.6 eV from PEDOT:PSS to C60 under reverse 
bias, the electron injection was enormously strong under reverse bias. This large 
dark-current might originate from the leakage current due to the thin, rough C60 layer 
and the broadening of the C60’s lowest unoccupied molecule orbital (LUMO) of 
amorphous C60 film on the surface of PEDOT:PSS.  Therefore increasing the 
thickness of C60 film won’t be able to reduce the dark-current significantly. This 
strong electron injection provides the required Ohmic contact for the photoconductive 
gain but, on the other hand, results in large noise current. In addition, both the C60 and 
BCP layers are good electron transport materials, which help to conduct the large 
electron leakage current.  Here, we try to reduce the dark-current by using a buffer 
layer of cross-linked 4,4’-Bis[(p-trichlorosilylpropylphenyl)phenylamino]-biphenyl 
(C-TPD) at the interface of PEDOT:PSS and C60. The device structure of 
ITO/PEDOT:PSS (35 nm)/C-TPD (25 nm)/C60(80 nm)/BCP (20 nm)/Al (100 nm) is 
shown in Fig. 4.1.  
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Figure 4. 1 Device structure of the fullerene photodetetor with C-TPD buffer layer. 
For the device fabrication, PEDOT: PSS was first spin-coated onto a cleaned ITO 
glass substrate at a spin speed of 3,000 r.p.m., and then baked at 120 ℃ for 30 minutes; 
TPD-Si2 was first spin coated on the top of a PEDOT:PSS layer and then thermally 
annealed at 110 ℃ for 1 hour in air to get it cross-linked; C60, BCP and aluminum 
were deposited by thermal evaporation. The active device area is 0.05 cm
2
 which is 
defined by the shadow masks.  
The molecular structure and cross-linking process of the C-TPD layer is shown in 
Fig. 4.2, which is a thermal annealing-assisted hydrolysis process [25]. 
 
Figure 4. 2 The molecular structure and hydrolysis condensation process of C-TPD. 
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4.2.3 Device Characterization 
For the device dynamic range measurement, different light sources were used to 
provide a large variation of light intensity by ten orders of magnitude. For light 
intensity below 1 μW/cm2, the monochromatic light was provided by a 350 nm LED 
powered by a function generator. For stronger light intensity up to 0.1 W/cm
2
, the 
light was provided by a Xe lamp; and the UV part of the light is calculated by the 
integration of UV light intensity from the Xe lamp spectrum. The light intensity was 
first calibrated with a Si diode at the highest light intensity of each light source, and 
the lower light intensities were obtained by attenuating the strong light with a set of 
Newport neutral density filters. 
The shot noise limit is calculated by 𝑖𝑛,𝑠ℎ = √2𝑒𝐵𝑖𝑑 , where e is the elementary 
charge, B is the modulated bandwidth, 𝑖𝑑 is the dark-current. The thermal noise limit 
is calculated by 𝑖𝑛,𝑡ℎ = √
4𝑘𝐵𝑇𝐵
𝑅
, where 𝑘𝐵 is Boltzmann constant, T is the absolute 
temperature, B is the modulated bandwidth, R is the resistance of the detector.  
4.3 Results and Discussion 
In this section, we will explain the working process of the photodetector, describe 
the performances of the photodetector, including the EQE, responsivity, specific 
detectivity, linear dynamic range, and response speed, etc. The results were also 
discussed. 
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4.3.1 Working Process 
 Fig.4.3 shows the energy diagram of the fullerene-based organic photodetector 
with C-TPD buffer layer. The device works under reverse bias, i.e. with negative bias 
applied to ITO eletctrode. In the dark, the electron injection barrier, i.e. the difference 
between the PEDOT:PSS work function and LUMO of C60, is of the order of 0.6 eV. 
Few electrons can be injected at such a high electron injection barrier; furthermore, 
the C-TPD is a good electron blocking layer, which ensures a low dark-current. With 
illumination, the photogenerated excitons were firstly formed in the C60 bulk layer 
and then dissociated driven by the applied electrical field. Electrons drift to the Al 
electrode through BCP layer under reverse bias, and holes are transported to ITO 
electrode through C-TPD and PEDOT:PSS layer, thus forms the photocurrent. 
 
Figure 4. 3 The energy diagram of the fullerene-based organic photodetector with 
C-TPD buffer layer. 
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4.3.2 Performances of the Photodetector and Discussions 
The measured EQE curves of the fullerene-based organic photodetectors with 
C-TPD buffer layer are shown in Fig. 4.4 (a) at different applied reverse bias.  The 
highest EQE at -6 V is close to 40%. It is clear that there is no photoconductive gain 
with the insertion of a C-TPD layer compared with the photodetector without C-TPD 
layer (Fig.4.4 (b)). The inserted C-TPD layer interrupts the ohmic contact at the  
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Figure 4. 4 (a) EQE/Responsivity of the fullerene photodetetor with C-TPD buffer 
layer and (b) EQE of the fullerene photodetector without C-TPD buffer layer.  
PEDOT:PSS/C60 interface, as evident from the rectifying type dark-current curve 
shown in Fig.4.5. Therefore, there is no continuous supply of electrons for the 
photoconductive gain.  From another prospective, the inserted C-TPD layer 
eliminates the trapped-hole-enhanced electron injection from PEDOT:PSS to C60 
because C-TPD is too thick for the tunneling of electrons even though the hole can 
still be trapped in C60.   
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Figure 4. 5 Darkcurent density of the fullerene photodetectors with and without 
C-TPD buffer layer. 
The lowest detectable light by a photodetector is characterized by NEP, which is 
the lowest light power needed to distinguish the photocurrent from noise current.  
The NEP of a photodetector can be described as [26]: 
1/2
1/2(2 +2 +4k / )= b d B
ei ei T R
NEP B
R                    (4.1) 
where e is the elementary charge, ib is the photocurrent generated by background 
radiation, id is the the dark-current, kB is the Boltzmann constant, T is the tempreture 
in kelvin, R is the resistance of the detector, B is the bandwidth, and  (the 
denominator in the equation) is the responsivity of the photodetector.  For the 
photodetector working in UV-Vis regions, ib can be neglected compared to the other 
two noise sources.  Responsivity can be calculated from the measured external 
quantum efficiency by 
𝑅 = 𝐸𝑄𝐸 ∗ 𝑒/ℎ𝜈                        (4.2)  
79 
    
 
 
 
where hν is the energy of the incident photon. To find out the NEP for this type of 
organic photodetctors, the noise current was measured with a Stanford Research 
SR830 Lock-In amplifier following the method reported by G. Konstantatos et al. 
[27].  In order to be consistent with the EQE measurement, the lock-in frequency of 
the noise current was set to be 35 Hz, the same as the modulation frequency in the 
EQE measurement. Fig.4.6 shows the noise current vs. the dark-current. The shot 
noise limit and thermal noise limit calculated are also shown in the figure for 
comparison [26]. The measured noise current was found to be a little higher but very 
close to the shot noise limit. It is clear that the detector’s noise was dominated by 
dark-current noise (shot noise). Therefore, in order to detect weak light, it is crucial to 
reduce the dark-current of organic photodetectors.  
The insertion of this layer does increase the sensitivity of the fullerene-based 
organic photodetector yielding a much smaller NEP and larger specific detectivity due 
to the dramatically reduced noise current.  
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Figure 4. 6 The noise current of the fullerene photodetetor with C-TPD buffer layer. 
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The specific detectivity gives a fair comparison of different photodetectors by 
normalizing the device area [28,29]: 
* 1/2=( ) /  ( )nD AB i JonesR                    (4.3) 
where A is the effective detector area in cm
2
 , B is bandwidth,  is responsivity and 
in is the measured noise current.  It can be seen that D
*
 is proportional to  and 
inversely proportional to the noise current. Although the responsivity of the C60 based 
photodetector was reduced by two orders of magnitude with the inserted C-TPD 
buffer layer compared to our previous photoconductive type C60 based photodetector,  
the dark-current was decreased by more than three orders of magnitude. Therefore the 
specific detectivity, or sensitivity of the C60 based photodetector, has been increased 
by 1 order of magnitude in this work.  The peak D
*
 of the photodetector reaches 3.6 
× 10
11
 Jones at 370 nm, as shown in Fig. 4.7, which is more than ten times higher than 
the control device without the C-TPD buffer layer.  
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Figure 4. 7 The specific detectivity of the fullerene photodetetor with C-TPD buffer 
layer. 
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The upper limit of the fullerene-based  organic photodetector response speed is 
limited by the electron transit time from the anode to the cathode side which is 
determined by the applied bias (V), thickness of the C60 film (d), and the mobility of 
electrons in C60:  
2 d /t eV μτ                           (4.4)  
The calculated transit time is 1 ns under reverse bias of -6 V using a moderate 
electron mobility of 0.01 cm
2
V
-1
s
-1
. The measured response time can be limited by the 
RC constant of the measurement circuit. The response speed was measured using a 
chopped light pulse recorded by an oscilloscope, as shown in Fig. 4.8.  The RC time 
constant of the circuit is calculated to be 10~30 μs. And the shutter switching on (off) 
time is 50 μs, which is calculated from the spin-rate of the chopper. The device shows 
a rise and decay time of 50 μs which is clearly limited by the slow shutter switching 
on (off) speed. The response speed of the fullerene-based organic photodetector is 
quicker than 50 μs (20 kHz). 
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Figure 4. 8 Response speed of the fullerene photodetetor with C-TPD buffer layer. 
As decribed above, the specific detectivity of our devices was calculated using 
the EQE measured at a relatively large incident light intensity of ~µW/cm
2
. So direct 
comparison of specific detectivity might not tell the exact capability of a 
photodetector to detect the weak light with light intensity approaching NEP. In 
practical applications, a constant responsivity from strong light all the way down to 
weak light is critically important so that an organic photodetector can be applied for 
weak light sensing. Every photodetector only has a finite range of linear response and 
is characterized by linear dynamic range (LDR) in which the responsivity keeps 
constant.  In inorganic photodetectors, LDR is limited by NEP at the weak light end 
and by saturation of photocurrent at the strong light end. But this senario does not 
necessarily hold for organic photodetectors because of the existing of large density of 
charge traps in most non-single crystal organic semiconductors. Here, the LDR of the 
fullerene-based organic photodetectors was directly measured by recording 
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photocurrent under modulated illuminations from strong light intensity of 0.1 W/cm
2
 
all the way down to NEP.  The photocurrents of the fullerene organic photodetector 
device under different light intensities were recorded with a Lock-In Amplifier SR830 
at a frequency of 35 Hz, and the result is shown in Fig. 4.9.  The lowest detectable 
light intensity is 12 pW/ cm
2
, with an effective device area of 0.05 cm
2
, yielding a 
detectable power of 0.6 pW, which is very close to the calculated NEP of the C60 
based photodetectors. This is the first time an organic photodetector with a linear 
response at such a low level light intensity has been reported. The photocurrent 
saturated at high light intensity reaches 0.1 W/cm
2
. The fullerene organic 
photodetector device with a buffer layer has a linear response to varied light intensity 
by nine orders of magnitude, corresponding to a LDR of 90 dB. This high LDR is 
larger than those of many inorganic photodetectors, such as GaN (50 dB) [30] and 
InGaAs (66 dB) and approaches that of silicon photodetectors (120 dB) [28]. It is also 
among the highest reported LDRs for both small molecule and polymer-based organic 
photodetectors [8,28,31]. It is not clear yet why the fullerene-based  organic 
photodetector has such a good linear response at such a low level of light, but it is 
expected that the following three factors should contributed to this large LDR 
observed in C60 based photodetectors here: 1) excellent electron transport property of 
fullerene [20-22]; 2) much more efficient free electron generation from Wannier 
exciton under small electric field in fullerene than any other organic semiconductor 
acceptor [32,33];   3) the low density electron trap density in fullerene.  The light 
intensity dependent of photocurrent was fitted by a line with a slope of 0.96. The 
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slightly deviation of the slope from 1 indicates there is still charge recombination in 
the photodetector. Since the photodetector device works under a high reverse bias of 
-6 V, it is expected that the bimolecular recombination, charge transfer exciton 
recombination or trap-assisted electron recombination should not dominate the 
recombination. While monomolecular recombination, such as Frenkel exciton 
recombination, is likely considering the relative thick C60 film of 80 nm and 
non-purified C60 used. It also indicates a path to future increase the performance of 
current C60 based photodetector by exploring the growth of highly crystalline C60 for 
higher speed, lower noise, and larger LDR organic photodetectors. 
 
Figure 4. 9 Linear dynamic range of the fullerene photodetetor with C-TPD buffer 
layer. 
4.3.3 Critical Role of C-TPD Layer 
C-TPD has been studied in organic light-emitting diodes as an anode 
modification layer and hole injection/transport layer [18]. C-TPD is a good hole 
transport material, but it has poor electron mobility.  This C-TPD layer introduces a 
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high electron injection barrier of 2.8 eV, which can greatly reduce the dark-current, as 
shown by the energy diagram in Fig. 4.2 [34,35].  The insertion of a C-TPD layer 
was found to reduce the dark-current density by three to four orders of magnitude 
compared with the control device without a buffer layer, as shown in Fig. 4.5.  
In addition to increasing the electron injection barrier and suppressing electron 
transport, the cross-linked TPD at the ITO side is also expected to reduce the leakage 
current and eliminate catastrophic shorts by forming a condensed, smooth, conformal, 
and pin-hole free buffer layer on top of PEDOT:PSS [35]. In order to verify the role 
of this buffer layer in reducing the roughness of ITO and C60 layer, the surface 
roughness of each layer was measured with AFM. The stacking layer of 
ITO/PEDOT:PSS (35 nm)/C-TPD (25 nm)/C60(80 nm) and the AFM images over the 
area of 2 μm × 2 μm are shown in Fig. 4.10. The commercial ITO is rough, with an 
average roughness of 4.547 nm. The spin-coated PEDOT:PSS layer can reduce the 
roughness of an ITO surface by almost three times; and the C-TPD layer can further 
reduce the roughness by four times, resulting in a very smooth surface with a 
roughness of 0.407 nm. A much smoother surface with a C-TPD buffer layer also 
improves the film quality of the C60 layer. As shown in Fig.4.10, the C60 layer on 
C-TPD is twice as smooth as the C60 layer on PEDOT:PSS.  The more smooth and 
condensed C60 film should also contribute to the dramatically reduced small 
dark-current observed because of the reduced degree of disorder in C60.  
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Figure 4. 10 AFM images of the surface with film stacking structure shown in the 
figure as well; Surface roughness is also labeled for each film surface. 
The dark-current reduction in our devices should be due to the two factors: one is 
the introduced high electron injection barrier at the PEDOT:PSS/C-TPD interface, and 
the other is the reduced leakage current and catastrophic shorts due to the inserted 
compact C-TPD buffer layer and improved film quality of C60. To find out which 
dominates the dark-current reduction, a series of devices were fabricated with 
different C-TPD thicknesses. In addition, a series of devices with a non-crosslinking 
polymer, polyvinylcarbazole (PVK) were also fabricated as the buffer layer. PVK was 
chosen here because it has comparable LUMO level with that of C-TPD, but does not 
has as good film forming capability as C-TPD. Therefore such comparison is 
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expected to distinguish the contribution of dark-current reduction from the two factors. 
Fig. 4.11 shows the dark-current of the devices at reverse bias of -6 V with different 
buffer layer thickness using C-TPD and PVK as buffer layers. It can be seen that 
inserting as thin as 15 nm C-TPD can reduce the dark-current of the C60 based 
photodetector by three orders of magnitude. Increasing the thickness of C-TPD up to 
80 nm results in further reducing of the dark-current but by less than one order of 
magnitude. Although a thick C-TPD reduces the device dark-current, it also reduce 
the external quantun efficiency (EQE) and the device respond speed. All the device 
characteristis shown below are from the device with 25 nm C-TPD which gives a 
compromised combination of low noise and large external quantum efficiency and 
fast respond speed. The photodector devices using PVK buffer layer would have the 
same the dark-current with that with C-TPD buffer layer because of the introduced 
same energy barrier, if the dark-current reduction is solely caused by the introduced 
energy barrier. However, the dark-current of the devices with PVK buffer layer is two 
orders of magnitude higher than the device with C-TPD layers with same buffer layer 
thickness. Increasing the thickness of PVK is not effective to reduce the dark-current 
since 80 nm thick PVK doesn't give as low dark-current as 15 nm C-TPD. It is 
expected that the film quality of PVK is not good enough to exclude possible current 
leakage even when it is as thick as 80 nm. The results shown here indicate that 
although a large energy barrier can effectively reduce the charge injection and thus 
dark-current, a prerequisite is the film should be compact enough so that the leakage 
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current won’t occur. It is thus concluded both factors contribute to the dark-current 
reduction in our devices and C-TPD combines these two very well.   
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Figure 4. 11 Dark-current density of the fullerene-based photodetetors at the bias of -6 
V using buffer layer of C-TPD and PVK of different thickness. 
4.4 Conclusions 
In summary, the dark-current of the fullerene UV photodetector has been 
successfully reduced by a C-TPD buffer layer. The high detectivity of 3.6 × 10
11
 Jones 
at 370 nm and the wide LDR of 90 dB, along with a response speed faster than 20 
kHz, suggests that the fullerene-based  organic photodetectors reported here can 
open the way for many potential applications, such as replacing the CCD array in a 
digital camera. The high sensitivity of this type of photodetector, particularly in the 
UV range, makes it potentially useful in monitoring the weak UV emission from 
scintillators which generally give UV emission.  
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CHAPTER 5 LARGE GAIN, LOW NOISE NANOCOMPOSITE 
ULTRAVIOLET PHOTODETECTORS 
5.1 Introduction  
In chapter 4, we introduced a cross-linkable buffer layer, 
4,4’-Bis[(p-trichlorosilylpropylphenyl) phenylamino]-biphenyl (C-TPD), at the 
interface of PEDOT:PSS and C60 to reduce the dark-current. The pin-hole free and 
conformal C-TPD buffer layer dramatically reduced the dark-current density by 3-4 
orders of magnitude. The significantly reduced dark-current enabled a constant 
responsivity from light intensity of 10
-2
 Wcm
-2
 all the way down to 12 pWcm
-2
, 
resulting in a large linear dynamic range of 90 dB [1]. However, the insertion of 25 
nm C-TPD between PEDOT:PSS and C60 interface also blocked the tunneling of 
electrons (secondary electron injection) into C60 even under large reverse bias of -6 V, 
and thus annulled the gain of C60 photodetectors. 
Recent discovery of high gain in fullerene-based (C60) organic diode devices 
added the promise of organic photodetectors as potential candidates to replace 
inorganic counterparts [2,3]. It was demonstrated by us that a high gain above 50 from 
a C60 device with a structure of indium tin oxide 
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (35 
nm)/C60 (80 nm)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (20 nm)/Al 
(100 nm) could be achieved under relatively low reverse bias of -4 V. The high gain 
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was proposed to be caused by an interfacial trap-controlled charge injection 
mechanism [2]. The trapped holes in the C60 close to PEDOT:PSS, excited by 
incident photons, reduce the energy barrier between the Fermi energy of PEDOT:PSS 
and LUMO of C60, and induced strong secondary electron injection under reverse 
bias.  However, despite the large gain, the specific detectivity of such fullerene 
photodetectors was not high compared to inorganic UV photodetectors because of 
their relatively large dark-current. The disorder of n-type C60 causes the hole traps in 
it, which is the origin of the high gain, however brings in a relatively strong electron 
injection with a dark-current density of about 1 mA/cm
2
 under reverse bias of -8 V 
[3]. 
In this chapter, we report on a fullerene-based photodetector with both large gain 
and low noise, enabled by the introduced C-TPD:ZnO nanocomposite buffer layer 
between the PEDOT:PSS and C60 layer. As a result, a record large linear dynamic 
range of 120 dB was achieved in these organic photodetectors which almost doubles 
that of the state-of-the-art commercial inorganic UV solid-state photodetectors [4]. 
5.2 Experimental Methods 
5.2.1 Materials 
C60 was purchased from Nano-C; BCP was purchased from SIGMA-ALDRICH; 
PEDOT:PSS was purchased from H.C.STARCK; All materials were used as received 
without any purification. TPD-Si2 was synthesized following the route from literature 
[5,6], as described in chapter 3. ZnO nanoparticles were prepared using the same 
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method as in chapter 1, i.e., a hydrolysis method in methanol with some modifications 
[7,8]. 
5.2.1 Device Fabrication and Characterization 
The device is fabricated by first spin-coating PEDOT:PSS onto a clean ITO glass 
substrate at a spin speed of 3000 rpm, and then baked at 120 ℃ for 30 min. Then a 
ZnO nanoparticles (5%, in 1,4-Dichlorobenzene solution) and TPD-Si2 (2%, in 
Toluene solution) hybrid solution with the weight ratio of 1:1 was spin-coated onto 
the PEDOT:PSS layer and baked at 100 ℃ in the air for 60 min to get it cross-linked. 
After that, C60, BCP and Al were sequentially evaporated onto the C-TPD:ZnO layer 
with the thickness of 80 nm, 10 nm, and 100 nm, respectively.  
   The UV-vis absorption spectra of the samples were measured by an Evolution 201 
Spectrophotometer. The EQE was measured by a Newport Quantum Efficiency 
measurement kit with the incident monochromatic light to be modulated at the 
frequency of 35 Hz and the optical power density to be controlled at approximately 1 
μWcm-2. The capacitance verses frequency measurement was performed on an 
E4980A Precision LCR Meter, and the illumination of UV and green lights during the 
measurement were provided by a 365 nm laser diode and a 532 nm laser diode, with 
the light intensity of 30 mWcm
-2
, respectively.  
For the dynamic range measurement, different light sources with various light 
intensities were used. For the light intensity below 1 μWcm-2, the monochromatic 
illumination was provided by a 350 nm LED with a function generator to supply the 
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modulated bias. For higher light intensity up to 0.1 Wcm
-2
, Xe lamp was used. The 
UV part of the light from Xe lamp is calculated by the integration of UV light 
intensity from Xe lamp spectrum. The irradiance was first calibrated by a Si 
photodiode at the highest light intensity of each light source, and then attenuated by 
Newport neutral density filters.  
5.3 Result and Discussions 
Here, we will describe the working process of the photodetector, the 
performances of the photodetector, including the EQE, responsivity, specific 
detectivity, linear dynamic range, and response speed, etc. The results were also 
discussed. 
The device structure of the photodetector is shown in Fig.5.1, which is composed 
of ITO (cathode)/PEDOT:PSS (35 nm)/C-TPD:ZnO (weight ratio 1:1) (30 nm)/C60 
(80 nm)/BCP (10nm)/Al (anode) (100 nm). C60 was chosen as the photoactive 
material for its demonstrated high photoconductive gain and strong absorption in the 
ultraviolet–blue range [2]. Compared to our previously study in chapter 4 [1], ZnO 
nanoparticles were introduced into the C-TPD layer here. ZnO is a wide band gap 
semiconductor material, and also a potential alternative to GaN as the UV absorption 
material due to its merits of low cost and easy fabrication [9,10]. As shown in Fig.5.2, 
ZnO nanoparticles shows strong light absorption in the UV range, while the C60 
layer’s absorption spectrum covers a wide range from UV to blue-green region. As a 
result, the absorption of the device covers the UV-visible range. Besides the strong 
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UV absorption capacity, ZnO nanoparticles also possess large quantities of traps on 
the surface due to the large surface-to-volume ratio and hence high concentration of 
surface states. In chapter 3, we have demonstrated a ZnO/polymer hybrid UV 
photodetector with an extremely high gain of 3,406, which is based on the interfacial 
trap-controlled charge injection mechanism [11]. Inspired by that, it is expected that 
the ZnO nanoparticles in the C-TPD layer of the C60 photodetector may also behave as 
a photon-switchable valve to control the electron injection, and thus can recover its 
original high photoconductive gain. 
 
Figure 5. 1 Device structure of the large gain/low noise nanocomposite UV 
photodetector. 
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Figure 5. 2 The UV–vis absorption spectra of ZnO nanoparticle layer, C60 layer, 
C-TPD:ZnO layer, and C-TPD:ZnO/C60 double layer. 
The device performance was firstly characterized by the external quantum 
efficiency (EQE) measurements. The measured EQE curves under different applied 
reverse biases are shown in Fig.5.3. The EQE values continuously increase 
throughout the UV-vis spectrum with the increase of the reverse bias. The peak values 
exceed 100% when the reverse bias is above -6 V, and further increase to 408% at 390 
nm under the reverse bias of -8 V.  
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Figure 5. 3 EQEs of the photodetector under the reverse bias from 0 V to –8 V with a 
voltage step of 1 V. 
The corresponding responsivity can be calculated from EQE by Eq.3.2. The peak 
responsivity is calculated to be 1.28 A/W at 390 nm, which is more than five times 
larger than those of commercial SiC and GaN UV detector (less than 0.2 A/W). This 
EQE value is also over one order of magnitude higher than the device without the 
ZnO nanoparticles in the C-TPD layer [1], which indicates the role of ZnO 
nanoparticles in inducing high gain in the device. The dark-current and photocurrent 
of the device are shown in Fig.5.4. It is found that the dark-current is comparable to 
our previous device without ZnO nanoparticles in the buffer layer, but a transition 
from a photodiode to a photoconductor occurs under illumination with the light 
intensity of 0.1 Wcm
-2
, which leads to a large photocurrent. This means that the 
introduction of ZnO nanoparticles into the C-TPD buffer layer induces a large gain 
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while does not compromise the low dark-current of the detector, which is very 
beneficial to its light detection performance. 
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Figure 5. 4 Photocurrent density at light intensity of 0.1 Wcm
-2
 and dark-current 
density of the photoetctor. 
The working principle of the photodetector can be understood by the energy band 
diagrams shown in Fig.5.5. It is shown that under reverse bias, when no ZnO 
nanoparticles are added into the C-TPD layer (Fig.5.5(a)), the electron injection from 
PEDOT:PSS to C60 is blocked by the C-TPD layer owing to its low electron mobility 
and the large electron injection barrier of about 2.8 eV. Therefore, the hole trap 
induced electron injection at the PEDOT:PSS/C60 interface is largely hampered under 
illumination, which results in the loss of gain of the device. For the device with 
C-TPD:ZnO nanocomposite as the buffer layer (Fig.5.5(b)), although ZnO is a good 
electron transport material, the large amount of surface states on the ZnO 
nanoparticles will induce the upward bending of the energy band [10]. It leads to the 
formation of low-conductivity depletion layer on the surface, and hence the energy 
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barrier between nanoparticles that obstructs the transportation of electrons through the 
buffer layer. Therefore, the low dark-current can still be maintained. In contrast, when 
light is illuminated onto the device, both the ZnO nanoparticles and C60 layer will 
absorb the incident light and generate excitons. The photo generated electrons and 
holes will move towards opposite directions under the applied reverse bias, with the 
electrons running towards the anode while the holes flowing to the C-TPD:ZnO layer. 
Due to the large quantities of hole-traps on the surface of ZnO nanoparticles, the 
photon-generated holes tend to be trapped by the ZnO nanoparticles instead of being 
collected by the cathode. The trapped holes then recombine with the electrons on the 
surface states, therefore alleviate the energy bending near the surface and reduce the 
width of the depletion layer. As a result, electrons can readily transport between ZnO 
nanoparticles under a small reverse bias. In this way, the electron transport between 
PEDOT:PSS and C60 is no longer blocked under illumination, thus the interfacial hole 
trap induced electron injection at the C60 layer is recovered, which leads to a high gain 
and large photocurrent. 
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Figure 5. 5 Energy band diagrams of the reverse-biased photodetectors in the dark and 
under the illumination: (a) without and (b) with ZnO nanoparticles in the C-TPD 
buffer layer. 
In order to verify the role played by the C-TPD:ZnO layer in the photodetector, 
the electron-only and hole-only devices were fabricated with the C-TPD:ZnO 
composite as the carrier transport layer. The corresponding J-V curves (Fig.5.6) 
exhibit that the electron current density is three to four orders of magnitude lower than 
the hole current density. This means that the C-TPD:ZnO layer is not a good electron 
transport material in the dark, so it can function as an electron blocking layer to 
reduce the dark-current of the detector, just as the C-TPD layer did.  
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Figure 5. 6 The J-V curves of the electron-only (e-only) and hole-only (h-only) 
C-TPD:ZnO devices in the dark. 
To further confirm the electron conductivity of the device under illumination, 
electron-only device was fabricated by replacing the PEDOT:PSS with Cs2CO3 in the 
original photodetector device. It is found that under the light illumination, the current 
density under reverse bias increases by three orders of magnitude, which demonstrates 
that the device changes to electron conductor under illumination, as shown in Fig.5.7.  
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Figure 5. 7 The J-V curves of the electron-only C-TPD:ZnO/C60 device in the dark 
and under illumination with light intensity of 0.1 Wcm
-2
. 
In order to identify the origin of the traps in the devices, the capacitance versus 
frequency measurement of the UV photodetector was performed in the dark as well as 
under the illumination of UV or green light. During the sweeping of the frequency 
from high to low values, the demarcation energy is changed from below the 
Fermi-level, where no states can respond, to above the trap levels, where all states 
respond [12]. By this way, we can obtain the trap distribution in the active layers. It is 
shown in Fig.5.8 that under the illumination of green light, as the frequency is swept 
from high to low values, there is an evident inflection point at approximately 10
2
 Hz; 
when the device is illuminated under UV light, besides the inflection point at low 
frequency, there is an additional one at approximately 10
4
 Hz. Since ZnO only has UV 
response while C60 can respond to both UV and green light based on the absorption 
spectrum, we can speculate that the inflection point at high frequency corresponds to 
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the trap band from the ZnO layer, while the one at low frequency is related to the trap 
band in C60 layer.  
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Figure 5. 8 The capacitance versus frequency curves of the device measured in the 
dark and under the illumination of UV or green light with light intensity of 30 
mWcm
−2
. 
The distribution of the trap bands can be more straightforwardly presented by the 
calculated trap density of states verses demarcation energy curves of the device 
following the route proposed by Carr et al. [12] (Fig.5.9).  
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Figure 5. 9 The calculated trap density of states versus demarcation energy curves of 
the device fitted by the Gaussian distribution. 
The demarcation energy correlates with the applied frequency by the following 
expression: 
                             (5.1) 
Where ω0 is the attempt-to-escape frequency,  is the applied angular frequency, 
kB is the Boltzmann constant, and T is the absolute temperature. For reference, an 
attempt-to-escape frequency of 5×10
10
 s
-1
 was used here. And the distribution of trap 
density of states NT can be calculated by: 
                        (5.2) 
where Vbi is the build-in potential, W is the width of the depletion region, and q is the 
elementary charge. After fitting the curves with the Gaussian distribution, it is seen 
that there are two kinds of trap bands existing in the device. For the same reason 
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mentioned above, the deeper trap band can be attributed to the traps in the C60 layer, 
while the shallower trap band comes from the ZnO nanoparticles. The result further 
proves that ZnO nanoparticles bring in additional traps in the device, which can 
behave as the photo-switchable valve to control the electron injection. 
Since the device possesses high gain and low dark-current simultaneously, it is 
expected to have high detectivity and should be very potential in weak light UV 
detection. In order to obtain the NEP value of these photodetectors, the noise current 
was measured by using a Stanford Research SR830 Lock-In amplifier following the 
route reported previously [13]. During the measurement, the lock-in frequency of the 
noise current was set to be 35 Hz, so that it was consistent with the frequency used in 
EQE measurement. The measured noise current is shown in Fig.5.10. The thermal 
noise limit is also shown in the figure for comparison, which is calculated by
, 4 /n th Bi k TB R , where B is the bandwidth, and R is the resistance of the detector. It 
can be seen that the noise current is extremely small and even close to the thermal 
noise limit under low reverse bias.  
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Figure 5. 10 The measured noise current under different dark-currents. 
The noise current at -6 V is only 0.01 pAHz
-1/2
, which is more than one order of 
magnitude lower than our previous device with C-TPD as the buffer layer in chapter 4. 
It is not clear yet why the introduction of ZnO into the buffer layer can significantly 
reduce the noise. Konstantatos et al.[13] have performed the noise current study of 
PbS quantum dot photodetectors with different surface oxidation degree and thus 
different kinds of trap states, and found that the neck-then-oxidize nanoparticle 
devices exhibited nearly five times lower noise current than that of the 
oxidize-then-neck devices. Hence, we infer that the reduced noise current in our case 
might also be related to the different carrier trap states in ZnO nanoparticles and in the 
C-TPD layer that result in different noise current levels during the carrier 
transportation. However, detailed noise power density spectrum study is needed in the 
future to explore the origin behind it. Due to the high responsivity and low noise 
111 
    
 
 
 
current, the calculated NEP of the device is only about 34 fWHz
-1/2
, which shows its 
bright prospect in weak UV light detection.                                                                                                                  
Due to the high gain and low noise current, the peak specific detectivity of the 
device reaches 6.5 × 10
12 
Jones at 390 nm under the reverse bias of -6 V as shown in 
Fig.5.11, which is more than one order of magnitude larger than the device without 
the addition of ZnO nanoparticles in the C-TPD buffer layer. This value also 
approaches that of the commercial GaN UV detector, which is about 2×10
13
 Jones. 
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Figure 5. 11 The calculated specific detectivity of the fullerene photodetector with 
ZnO:C-TPD buffer layer at –6 V. 
In the above calculation, the responsivity is obtained based on the EQE value 
measured at relatively high light intensity of 1 μWcm-2. However, the responsivity 
may decrease with the decrease of the light intensity due to the light influence on the 
traps. So the low NEP calculated on the basis of the responsivity measured at high 
light intensity does not necessarily mean its high detectivity under very weak light 
illumination. One typical example is the nanocomposite photodetector lost its linearity 
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at weak light intensity, as shown in Chapter 3. One of the possible reasons is that ZnO 
nanoparticles far away from the interface do not cause useful band bending for 
secondary charge injection. Pushing ZnO toward the interface valve in this work 
should allow the very weak light to turn on the interfacial valve, and thus allow a 
more sensitive detection under weak light.  Therefore, the linear dynamic range 
(LDR) of the device, which characterizes the light intensity range where the 
responsivity of the device keeps constant, needs to be measured to identify if the 
responsivity is independent of the incident light power density. The LDR was 
measured by recording the photocurrent at -8 V, with varied light intensities from 0.1 
Wcm
-2
 all the way down to approximately 10
-13 
Wcm
-2
, and the corresponding result 
is shown in Fig.5.12. It is seen that the device exhibits a linear photoresponse within 
the whole light intensity range used here, thus yielding a linear dynamic range of 120 
dB. This value is 30 dB larger than the previous C60 detector with C-TPD as the buffer 
layer in chapter 4. This is because the device possesses much lower NEP, and at the 
same time does not show photocurrent saturation under illumination of high light 
intensity. The 120 dB LDR is significantly larger than those of the InGaAs detector 
[14] (66 dB) and GaN detector [15] (50 dB), better than that of the polymer 
photodetector (100 dB), and even comparable with that of the Si photodetector 
[14](120 dB). In fact, the 120 dB LDR is among the highest up-to-date LDR values 
for both inorganic and organic photodetectors [16]. Such good linear response of the 
device over a wide light intensity range is believed to be contributed by the excellent 
free electron generation, transportation capabilities and low electron traps of fullerene 
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that decrease the charge recombination probability, as well as the high light 
absorbance and low noise current of ZnO nanoparticles that extends the upper and 
lower limits of the light response range. 
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Figure 5. 12 The dynamic response of the fullerene photodetector with ZnO:C-TPD 
buffer layer measured with bias of –8 V. 
5.4 Conclusions 
In summary, the ZnO nanoparticles have been introduced into the C-TPD buffer 
layer of the fullerene-based UV photodetector to successfully increase the 
photoconductive gain and reduce the noise current. The peak EQE value of 
approximately 400% and the peak specific detectivity of 6.5×10
12 
Jones at the 
wavelength of 390 nm, along with the record high LDR of 120 dB, enable the 
photodetector to be used in wide range of applications such as imaging, 
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communication, and defense. The extremely high sensitivity of the photodetector also 
makes it particularly attractive for detection of weak or low light intensities. 
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CHAPTER 6 SUMMARY AND FUTURE WORK 
6.1 Summary 
1. We reported a new type of hybrid photodetector based on ZnO 
nanoparticles/polymer nanocomposite materials. The device structure is 
ITO/PEDOT:PSS/TPD:PVK/ZnO:Polymer/BCP/Al. It is a diode in the dark 
and a photoconductor under ultraviolet illumination. Through the 
interfacial-trap controlled charge injection, the device has shown tens to 
hundreds of times better detectivity than inorganic semiconductor 
photodetectors. The peak external quantum efficiency
 
is 245,300% and 
340,600% under bias of -9 v at 360 nm for the PVK:ZnO and P3HT:ZnO 
devices, respectively; The peak responsivities, at illumination light intensity of 
1.25 µW/cm
2
,
  
are 721 A/W for the PVK:ZnO device and 1001 A/W for the 
P3HT:ZnO device at 360 nm, which are more than three orders of magnitude 
larger than that of commercial GaN or SiC detectors; At illumination light 
intensity of 1.25 µW/cm
2
, the specific detectivities at 360 nm are 3.4 ×10
15 
Jones for PVK:ZnO devices and 2.5 × 10
14 
Jones for P3HT:ZnO devices. The 
specific detectivities in the UV range are 2-3 orders of magnitude larger than 
silicon and GaN UV detectors. The specific detectivity of a P3HT:ZnO device 
within the visible light range is also more than ten times better than that of 
silicon detectors; The 3-dB bandwidth is 9.4 kHz. The devices provide over 
119 
    
 
 
 
10
5
 fold improvement in gain-bandwidth product in solution-processed ZnO 
UV photodetection relative to previous reports. These thin-film photodetectors 
have great potential for the existing applications in very weak UV and visible 
light detection and can potentially open new application opportunities because 
of their flexibility, light weight and low cost, compared to the traditional 
inorganic semiconductor devices. 
2. We designed a high sensitivity ultraviolet photodetector based on fullerene 
materials. The dark-current of the photodetector has been successfully reduced 
by 3-4 orders of magnitude with a C-TPD buffer layer.  The device structure 
is ITO/PEDOT:PSS/C-TPD/C60/BCP/Al. The high detectivity of 3.6× 1011 
Jones at 370 nm and the wide LDR of 90 dB, along with a response speed 
faster than 20 kHz, suggests that the fullerene-based  organic photodetectors 
reported here can open the way for many potential applications, such as 
replacing the CCD array in a digital camera. The high sensitivity of this type 
of photodetector, particularly in the UV range, makes it potentially useful in 
monitoring the weak UV emission from scintillators which generally give UV 
emission. 
3. The ZnO nanoparticles have been introduced into the C-TPD buffer layer of 
the fullerene-based photodetector to successfully increase the photoconductive 
gain and reduce the noise current. The device has a structure of 
ITO/PEDOT:PSS/C-TPD:ZnO/C60/BCP/Al. The peak EQE value of 
approximately 400% and the peak specific detectivity of 6.5×1012 Jones at the 
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wavelength of 390 nm, along with the record high LDR of 120 dB, enable the 
photodetector to be used in wide range of applications such as imaging, 
communication, and defense. The extremely high sensitivity of the 
photodetector also makes it particularly attractive for very weak light 
detection. 
6.2 Future Works 
1. The synthesis of ZnO nanostructures is still challenging. Since ZnO 
nanoparticles play critical roles in the photodeector, the parameters of the ZnO 
nanoparticles, including diameter, shape, orientation, density, and 
crystallization, will affect the performances of the photodetector.  Additional 
works are needed to confirm the relationship between ZnO nanoparticle 
parameters and device performances.  
2. For the ZnO/Polymer nanocomosite photodetector, the photoconductive gain 
decreases at ultralow light intensity, this is a disadvantage in the application of 
weak light detection. It was possibly caused by the non-ideal distribution of 
ZnO nanoparticles. Those ZnO nanoparticles that located far away from the 
cathode won’t induce as much Schottky junction-narrowing effect as those 
close to the cathode side. It might be beneficial if more ZnO nanoparticles can 
be pushed to the cathode side. Deposit a pure ZnO nanoparticle layer on top of 
the active layer at the cathode side is a possible solution.   
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3. For the fullerene photodetector with ZnO:C-TPD buffer layer, the noise 
current was found sometimes below the shot noise limit. This phenomenon 
cannot be explained at current stage. Further works are needed to explore it.  
4. The device degradation mechanism has not been studied yet and need further 
study in the future.       
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